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Animals have developed extraordinary capacities to maintain homeostasis in the 
face of severe osmoregulatory challenges from their environment.  For instance, with 
respect to salt and water homeostasis, freshwater animals continuously eliminate excess 
water while conserving solutes, whereas land-dwelling organisms have to conserve water 
and solutes as much as possible.  Comparative morphological studies suggest that animals 
have tackled the problems of excretion and osmoregulation by evolving a specialized 
structure: the excretory organ.  Animal excretory organs are extremely diverse.  Some are 
unicellular, such as the excretory cell in nematodes.  Others are multicellular and highly 
specialized, such as the protonephridia/metanephridia in invertebrates or the kidneys in 
vertebrates.  In light of such anatomical and functional diversity, the evolutionary origins 
of animal excretory systems pose an interesting question in biology.  However, the 
hypotheses proposed thus far remain highly controversial for two main reasons.  First, 
many evolutionary arguments are based solely on morphology in organisms for which no 
molecular data are available, precluding rigorous genetic comparisons.  Second, while 
invertebrates are critical elements of this evolutionary puzzle, the molecularly tractable 
ones studied to date display highly derived excretory systems.  C. elegans possesses a 
single excretory cell, while the ultrafiltration of nephrocytes is uncoupled from the 
absorption/secretion of Malpighian tubules in D. melanogaster.  
iv 
Comparative morphological studies have demonstrated the existence of more 
complex excretory organs amongst many other invertebrates, including planarians.  
Planarians have a protonephridial excretory system in which each protonephridial unit 
consists of a tubule, opening distally via a nephridiopore at the surface of the animal and 
ending proximally in one or more terminal structures called flame cells.  Protonephridia 
are commonly found amongst many invertebrates.  Since protonephridia combine 
ultrafiltration with filtrate modification, planarians close an “invertebrate gap” in the study 
of excretory system biology.  Taking advantage of a rapidly expanding list of molecular 
tools in recent years, this dissertation project aims to perform a comprehensive molecular 
and functional study of planarian protonephridia in order to provide new insights into the 
longstanding question on the evolutionary relationship between vertebrate and invertebrate 
excretory systems and gauge planarians’ potential as a novel invertebrate model for human 
kidney development and disease. 
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“The regulation of its internal medium frees an animal from its external environment.” 
~ Claude Bernard ~ 
 
Living animals have a remarkable ability to adapt to their environments, majorly 
due to their amazing capacity to maintain homeostasis in the face of numerous 
osmoregulatory challenges posed by their environment. For instance, with respect to salt 
and water homeostasis, freshwater animals always have to confront the problems of water 
gain and salt loss while terrestrial organisms have to face the threat of desiccation. They 
therefore have developed different osmotic regulation strategies to maintain their internal 
milieus. Freshwater animals must continuously eliminate excess water while conserving 
solutes, whereas land-dwelling animals have to conserve water and solutes as much as 
possible. In safeguarding their internal homeostasis, animals must also deal with harmful 
by-products of metabolism, such as ammonia, the breakdown of nitrogenous molecules.  
Due to its toxicity, it is required to be continuously eliminated from the animal’s body.  In 
aquatic environments, ammonia can diffuse easily through the cell membrane due to its 
high solubility.  However, in terrestrial environments, efficient elimination of ammonia by 
diffusion is not possible.  Ammonia must instead be transformed into alternative 
nitrogenous substances with lower toxicity.  This includes urea in amphibians and 
mammals and uric acid in insects and reptiles. 
In pre-bilaterians like sponges, placozoans, cnidarians, and ctenophores, excretion 
and osmoregulation are performed by direct epithelial diffusion.  No discrete excretory 
organs have evolved in these phyla.  In contrast, most bilaterians (except Acoelomorpha 




structures – the excretory organs.  Morphological studies suggest the existence of a variety 
of excretory systems.  Some are unicellular, such as the excretory cell of nematodes.  
Others are multicellular and highly complex, such as the protonephridia in platyhelminths, 
metanephridia in annelids, Malphigian tubules in insects, and kidneys in vertebrates 
(Ruppert, 1994) (Fig. 1.1).  Due to such functional and anatomical diversity, the 
evolutionary origin of excretory organs poses an interesting question in biology. 
Kidneys constitute the excretory system in humans.  The chief role of the kidney 
includes regulation of electrolyte concentrations, acid-base balance, and maintenance of 
extracellular fluid volume.  This is achieved by hundreds of thousands of nephrons – the 
basic functional unit of the kidney through relatively simple mechanisms of filtration, 
reabsorption, and secretion. Due to its pivotal roles in maintaining body homeostasis, 
disturbance of kidney function poses a serious health threat.  More than 10% of adults in 
the United States currently suffer from some type of chronic kidney disease (CDC, 2014).  
Basic kidney research, therefore, is essential for understanding kidney pathologies and 
developing effective strategies for prevention and treatment of kidney diseases.  To set the 
research of this thesis in context, this chapter reviews our current knowledge of kidney 
biology and outstanding questions in the field.  It discusses the potential of current 
invertebrate model systems in understanding kidney biology and their limitations.  Finally, 
it introduces the planarian excretory system as a novel invertebrate model for studying 





Figure 1.1. Cartoon representing the basic structural organization of excretory 
systems across animal kingdom. Despite the structural differences, animal excretory 
systems are composed of two principle components: filtration cells as mediators of 
ultrafiltration, and tubular cells that are responsible for filtrate modification by 
reabsorption and secretion (except for the unicellular excretory organ in C. elegans).  
Nephrons are excretory organs of vertebrates; protonephridia are excretory organs of 
amphioxus and planarians; metanephridia are excretory organs of annelids; nephrocytes 
and Malphigian tubules are excretory organs of flies; while an excretory cell is the 
unicellular excretory organ of C. elegans.  Red branch indicating Ecdysozoa; green branch, 










A Brief Overview of Kidney Development 
Anatomy of the Mammalian Kidney 
 The mammalian kidney is a bean-shape organ composed of hundreds of thousands 
of nephrons, the basic functional unit of the kidney.  Each nephron comprises two 
functional components: a filtering component (the “glomerulus”) and a tubule specialized 
for reabsorption and secretion (the "renal tubule"). The glomerulus is formed at the most 
proximal end of the nephron, followed by the proximal convoluted tubule, the loop of 
Henle, and the distal convoluted tubule, which connects to the collecting duct (Fig. 1.2).  
Filtration of the blood occurs inside the glomerulus through the fenestrated structures 
formed by glomerular podocytes (reviewed in detail in (Quaggin and Kreidberg, 2008)). 
The filtrate is then concentrated by selective reabsorption and secretion along the different 
segments of the renal tubule. Glucose, amino acids, electrolytes, and peptides are 
reabsorbed in the proximal convoluted tubule, whereas water and electrolytes are taken up 
by loops of Henle and the distal convoluted tubule due to the segmental expression of 
distinct sets of solute transporters (reviewed in detail in (Fenton and Praetorius, 2011; 
Pannabecker, 2012; Staruschenko, 2012; Zhuo and Li, 2013). Waste and harmful 
substances are finally excreted out of the body as urine.  
 
Embryology of Mammalian Kidney Development 
The mammalian kidney derives from the intermediate mesoderm (IM), which 
produces three successive developmental fields: the pronephros, the mesonephros, and the 
metanephros (Fig. 1.3a) (Maezawa et al., 2011).  The pronephros is formed first from the 




Figure 1.2. Basic structural organization of the vertebrate nephron. A nephron is 
composed of two principle components: a glomerulus as mediator of ultrafiltration (blue), 
and a tubule that is responsible for filtrate modification.  A tubule can be subdivided into 
9 subdomains: S1, S2, and S3 segments of the proximal tubule; DTL, descending thin 
limb; ATL, ascending thin limb; TAL, thick ascending limb; DCT, distal convoluted 
tubules; CNT, connecting tubule; CD, collecting duct.  Inset showing a schematic view of 
the podocyte, a key building block of the glomerulus.  The podocyte wraps around the 
capillary wall on the outer surface of the glomerular basement membrane with its extended 
interdigitating foot processes.  Podocyte foot processes are then bridged by a slit 
diaphragm.  A close-up view of the glomerular filtration barrier consisting of three 
components: porous endothelium, glomerular basement membrane, and podocyte foot 











followed by the metanephros.  The first two fields are transient in mammals.  However, 
the mesonephros and possibly the pronephros perform excretory roles during 
embryogenesis.  Both tissues are also required for the development of other organs, such 
as the adrenal gland and the gonads.  Only the metanephros gives rise to the definitive 
adult kidney. 
Kidney development is characterized by sequential inductive interactions and 
mesenchymal-to-epithelial transformations (Maezawa et al., 2011; Uhlenhaut and Treier, 
2008).  The formation of the nephric ducts or Wolffian ducts (WD) marks the earliest step 
in kidney development (Fig. 1.3b).  Inductive interactions between the metanephric 
mesenchyme (MM) and the nephric ducts trigger the growth of the ureteric bud (UB) at 
the distal end of the nephric ducts.  Upon the invasion of UB into the MM, signaling from 
the MM induces the UB to split into a T-tubule and undergo dichotomous branching.  
These branches subsequently form the collecting duct system that funnels urine into the 
bladder (Fig. 1.3b).  Simultaneously, at the tips of the branching ureter, the MM is induced 
to condense, epithelialize, and differentiate into mature nephrons.  The differentiation of 
nephrons occurs through a series of morphogenetic stages referred to as renal vesicles, 
comma-shape, and S-shape (Fig. 1.3c).  These anlagen eventually connect with the 
collecting duct.  This process of branching and differentiation is, remarkably, reiterated 
600,000 to 1,000,000 times in each developing kidney.  Although nephrogenesis is 






Figure 1.3. Development of the vertebrate kidney. a, Three stages of mammalian kidney 
development.  The pronephros (P) and mesonephros (M) develop in a rostral-to-caudal 
direction, and the tubules are aligned adjacent to the Wolffian, or nephric duct (WD).  The 
metanephros develops from an outgrowth of the distal end of the WD known as the ureteric 
bud (UB) epithelium and a cluster of cells known as the metanephric mesenchyme (MM).  
Cells migrate from the mesonephros (M) into the developing gonad (G), which develop in 
close association with one another (modified from (Maezawa et al., 2011)).  b, Schematic 
diagram of UB growth and branching in response to inductive signals from the MM.  See 
detailed explanation in the text.  c, Schematic drawing of nephron development.  
Reciprocal interactions between the UB and the MM result in a series of well-defined 











Molecular Control of Mammalian Kidney Development 
In the last two decades, a tremendous amount of knowledge has been gained 
regarding the molecular control of mammalian kidney development. However, many 
outstanding questions still must be addressed. 
 
Early Lineage Determination of the Metanephric Kidney 
The formation of the nephric duct marks the initiation of metanephric kidney 
formation (Fig. 1.3).  This requires the cell-autonomous activity of either Pax2 or Pax8, 
closely related PAX-family transcriptional regulators (Fig. 1.4a) (Bouchard et al., 2002).  
The LIM family member Lhx1 later facilitates the caudal extension and development of 
the nephric duct (Fig. 1.4a) (Pedersen et al., 2005; Tsang et al., 2000).  Consequently, no 
UB forms in these mouse mutants.  At a later stage, Pax2 and Gata3 are required to 
establish the UB (Fig. 1.4a) (Grote et al., 2006; Lim et al., 2000; Torres et al., 1995).  
Normal specification of the MM, in turn, requires many key transcription factors, 
including Osr1, Wt1, Hoxa11, Hoxc11, Hoxd11, Sall1, Six1, and Eya1 (Fig. 1.4a).  Of 
these, Osr1 and Eya1 represent the earliest known determinants of the MM (James et al., 
2006; Xu et al., 1999).  Osr1 mutants do not form the MM, nor do they express several 
other factors required for metanephric kidney formation, such as Eya1, Six2, Pax2, Sall1, 
or Gdnf (James et al., 2006).  Similarly, Eya1 and Six1 mutants fail to induce the MM, 
suggesting that Eya1 acts together with Six1 to determine MM cell fate (Sajithlal et al., 
2005; Xu et al., 1999).  Wt1 instead acts broadly and early within the IM, at least in part 
as an anti-apoptotic factor to support MM development (Kreidberg et al., 1993).  Although 




understood, their roles within specific compartments of the kidney at later stages have not 
been thoroughly investigated.  Furthermore, the analysis of numerous factors within the 
MM is complicated by their expression in multiple kidney compartments.  For example, 
Pax2 acts in the UB, but its expression is also present in the MM.  To date, a MM-specific 
function for Pax2 has not yet been examined. 
 
Regulating of Ureteric Bud Outgrowth and Branching Morphogenesis  
The GDNF/RET pathway is a key regulator of UB outgrowth and branching 
morphogenesis through its inductive interactions with the nephric ducts (Fig. 1.4a).  
GDNF, secreted by the MM, activates a GFRA1/RET receptor-tyrosine kinase (RTK) 
complex that is expressed by cells of the UB.  This initiates a signaling cascade that 
upregulates expression of the RET receptor and triggers outgrowth of RET+ cells from the 
nephric duct toward the GDNF signal (Fig. 1.4a) (reviewed by (Costantini and Kopan, 
2010)).  Disruption of Gdnf, Ret, or Gfra1 in the mouse results in the complete failure of 
UB outgrowth and kidney agenesis (Jain, 2009).  A number of transcription factors have 
been shown to regulate expression of Gdnf, including Eya1, Pax2, Sall1, and the Hox11 
paralog group (Fig. 1.4a).  Targeted deletion of any one of these genes leads to renal 
agenesis and a failure of Gdnf expression.  As mentioned previously, Eya1 mutants fail to 
form metanephric mesenchyme.  In Pax2 null mutants, Eya1, Six1, and Sall1 are still 
expressed, indicating that the Eya1/Six1 pathway is not downstream but may be upstream 
of Pax2 (Dressler et al., 1990).  Meanwhile, mice carrying mutations in any one of the 
Hox11 paralogs, including Hoxa11, Hoxc11, and Hoxd11, do not have kidney 




Figure 1.4. Genetic networks controlling early lineage determination of the 
metanephric kidney, ureteric bud branching, nephron induction, and segmentation. 
a, Genetic network controlling early lineage determination of the metanephric kidney and 
ureteric bud branching (see text for details).  Dashed arrow indicates uncertain regulatory 
effects.  Modified from (Costantini and Kopan, 2010; Maezawa et al., 2011).  b-c, Genetic 
network controlling nephron induction (b) and segmentation (c) (see text for details).  NP, 
nephron progenitors; UB, ureteric bud; PTA, pretubular aggregate; red arrow in (b) 










absence of metanephric kidney induction (Wellik et al., 2002).  Interestingly, in these triple 
mutants, the formation of condensing MM and the expression of Eya1, Pax2, and Wt1 
remain unperturbed, suggesting that Hox11 is not upstream of these factors. 
GDNF/RET is not the sole RTK pathway that mediates branching (Fig. 1.4a).  
Many other RTK signaling pathways are involved in regulating UB outgrowth and 
morphogenesis.  These include FGF/FGFR (Bates, 2011), EGF/EGFR (Ishibe et al., 2009), 
VEGFA/VEGFR2 (Marlier et al., 2009; Tufro et al., 2007), and HGF/MET (Ishibe et al., 
2009).  Furthermore, Angiotensin I/II binding to AGTR1/AGTR2 in the ureteric tips 
induces tyrosine phosphorylation of EGFR (Yosypiv et al., 2006) and RET (Song et al., 
2010), which then stimulates branching.  In contrast to factors deriving from the MM that 
promote UB branching, a number of signals produced by the MM or stroma inhibit this 
process, including BMP4 and other TGF family members (Cain et al., 2008).  Together, 
these inhibitory inputs ensure the outgrowth of a single UB from the nephric duct at the 
right time and place.  RTKs then activate the PI3K-AKT and RAS/ERK MAP kinase 
signaling pathways, which leads to changes in gene expression of many transcriptional 
regulatory factors that control branching morphogenesis, including Etv4, Etv5, Sox8, and 
Sox9 (detailed review by (Costantini and Kopan, 2010)). 
 
Nephron Induction 
As mentioned in the previous section, nephrogenesis requires a sequential 
inductive interaction between the UB and the MM (Fig. 1.4b).  This triggers a 
subpopulation of Six2+ cap mesenchyme (CM) to undergo mesenchymal epithelial 




Canonical Wnt signaling directed by Wnt9b/β-catenin has emerged as the key pathway 
initiating this process.  Wnt9b is expressed in the entire UB, except the very tips.  Genetic 
analysis has demonstrated that Wnt9b is not required for nephron progenitor specification 
nor UB outgrowth, but is essential for mediating RV commitment through the stabilization 
of -CATENIN (Carroll et al., 2005).  Wnt9b also activates expression of secondary 
signals including Fgf8 and Wnt4 within pretubular aggregates to regulate RV formation 
(Carroll et al., 2005; Grieshammer et al., 2005; Kispert et al., 1998; Mugford et al., 2009; 
Perantoni et al., 2005; Stark et al., 1994).  The observation that Six2 is required to maintain 
the CM, while Wnt9b commits a subset of this population to an RV fate, raises an 
interesting question.  How is Wnt signaling regulated to restrict RV induction in only a 
subset of the Six2+ CM population?  In the absence of Six2, all nephron progenitors 
undergo rapid and premature differentiation, resulting in ectopic formation of RVs (Self 
et al., 2006).  These data suggest that Six2 might be involved in the suppression of RV 
differentiation within nephron progenitors.  Six2 and Wnt9b double mutants lack RVs, 
which bear a resemblance to Wnt9b single mutants.  This indicates that Six2 counters 
Wnt9b's nephron-inducing activity (Kobayashi et al., 2008).  However, the mechanism for 
this remains to be addressed. 
Recent studies have revealed an additional nephrogenic contribution from the 
Foxd1+ interstitial progenitors surrounding Six2+ nephron progenitors (Fig. 1.4b).  
Depleting this population leads to an expansion of the nephron progenitors and a marked 
delay in the inductive process (Das et al., 2013).  Furthermore, stromal Fat4 and the 
Hippo/Warts pathway were demonstrated to modulate β-CATENIN activity in nephron 




progenitors retain nuclear TAZ/YAP, and deletion of these components within the nephron 
progenitor population significantly reduces the number of differentiated structures.  This 
suggests that nuclear TAZ/YAP cooperates with β-CATENIN to promote progenitor self-
renewal.  However, the mechanistic details of crosstalk between the Hippo and Wnt 
signaling pathways in nephron progenitors remains to be determined.  Additionally, 
BMP7/SMAD signaling promotes nephron induction based upon the analysis of Foxd1 
mutants, although this might be an indirect effect (Das et al., 2013).  Foxd1+ stromal cells 
activate BMP7/SMAD signaling in nephron progenitors by repressing Dcn, an antagonist 
of Bmp7.  This subsequently promotes the commitment of nephron progenitors to an RV 
fate.  Bmp7 has also been shown to play an important role in the maintenance of nephron 
progenitors (Dudley et al., 1999; Dudley et al., 1995; Luo et al., 1995).  How these dual 
roles for Bmp7 in maintenance and induction are differentially regulated remains elusive. 
Interestingly, nephron induction is a temporally regulated process.  Nephron 
progenitors are lost by P2-3 in the mouse (Hartman et al., 2007; Rumballe et al., 2011) and 
around 36 weeks of gestation in humans (Hinchliffe et al., 1991).  Once lost, the capacity 
for de novo nephrogenesis ceases, even in injured kidneys.  However, what causes the 
cessation of nephrogenesis is not understood.  Is it the result of a complete loss of nephron 
progenitor self-renewal?  Or is it due to perturbations in the balance between self-renewal 
and commitment to differentiation?  An improved understanding about the limits to 
nephrogenesis undoubtedly holds great promise for future clinical treatments of kidney 






Patterning, Segmentation, and Morphogenesis of the Nephrons 
After nephron progenitors commit to the RV fate, the RV forms a lumen and begins 
to “‘unwind” to form comma-shaped and S-shaped bodies (Fig. 1.3c).  The neo-nephron 
then connects with the ureteric tip shortly after undergoing MET, forming the mature 
nephron.  During this process, cells in the RV acquire polarity and initiate a patterning 
program that leads to the determination of specific cell types along the proximal-distal axis 
of the nephron.  How the lumen forms in the RV and what initiates polarity in the RV are 
poorly understood processes.  However, some aspects of patterning processes after lumen 
formation are known.  The distal expression of Notch (Dll1, Lfng, and Jag1), Bmp (Bmp2), 
and Wnt (Wnt4, Lef1, and Dkk1) pathway genes implies different cellular identity and 
activity along the proximal-distal axis (Fig. 1.4c) (Cheng et al., 2007; Dressler, 2009; 
Georgas et al., 2009; Mugford et al., 2009).  Notch signaling is critical for the specification 
of proximal cell fates including the podocyte and proximal tubule (Chen and Al-Awqati, 
2005; Cheng et al., 2007; Georgas et al., 2009; Heliot et al., 2013; Piscione et al., 2004), 
whereas Lrg5, Lhx1, and Brn1 regulates patterning of distal tubule structures (Georgas et 
al., 2009; Kobayashi et al., 2005; Nakai et al., 2003) (Fig. 1.4c).  Wt1 also promotes 
proximal identity by antagonizing Pax2 and cooperating with the Notch pathway and 
Foxc2 to specify the podocyte (Fig. 1.4c) (Georgas et al., 2009; Moore et al., 1999; Ryan 
et al., 1995).  Hnf1b promotes proximal and intermediate/medial fate through regulation 
of Notch ligand expression and Irx1/2 (Heliot et al., 2013).  After establishing proximal-
distal polarity, the nephron continues to elongate and segment to produce a functioning 
nephron composed of many specialized regions.  Proximal segments give rise to the 




loop of Henle.  Distal segments establish the distal tubule, which joins the collecting duct 
through a connecting segment (Fig. 1.4c). 
Although many of the genes involved in the establishment of nephron polarity have 
been identified, little is known about how terminal differentiation of the various segments 
is accomplished.  Additionally, regulation of tubule length, elongation, and shape are 
critical for normal renal function.  However, this remains poorly understood and under-
investigated.  Disrupted tubular patterning and morphogenesis lead to kidney diseases, 
most notably cystic kidney diseases (CKDs).  Exploring the biophysics and molecular 
mechanisms of tubule elongation and morphogenesis are crucial for better understanding 
kidney pathologies and developing new therapies. 
 
Invertebrate Model Systems for Kidney Development and Diseases 
Due to their experimental accessibility, invertebrate models have provided 
incredible insights into understanding human kidney development and diseases (Igarashi, 
2005).  One of the best examples is the discovery of the link between cilia and autosomal 
dominant polycystic kidney disease (ADPKD), first made in C. elegans.  ADPKD, one of 
the most common inherited diseases in humans, is caused by a mutation in PKD1 and 
PKD2, genes encoding POLYCYSTIN-1 and POLYCYSTIN-2, respectively (Wilson and 
Goilav, 2007).  C. elegans has homologues of Polycystin-1 and Polycystin-2, named lov-
1 and pkd-2, which are expressed in the primary cilia of sensory neurons and required for 
mating behavior (Barr, 2005; Barr and Sternberg, 1999).  Additionally, comparative 
genomic studies in C. elegans have revealed the important function of other CKD genes 




These results suggest that many CKD genes encode ciliary proteins that are involved in 
cell sensing, and therefore establish ciliary hypothesis as the unifying disease mechanism 
of CKDs.  In addition to C. elegans, D. melanogaster’s renal (Malpighian) tubule has been 
recognized as a useful model to study branching tubular morphogenesis, stem cell-
mediated regeneration, and podocyte biology (Dow and Romero, 2010). 
While both of these invertebrate model systems have yielded key insights into 
kidney physiology and diseases, there are many aspects of kidney biology that cannot be 
modeled in C. elegans or D. melanogaster.  For instance, both organisms have highly 
derived excretory organs in which ultrafiltration is either entirely lacking (C. elegans) or 
uncoupled from reabsorption/secretion (D. melanogaster).  This makes it impossible to 
study important classes of human cyst pathologies that arise from tubular segments 
disconnected from the influx of glomerular filtrate and tubular flow.  Furthermore, the 
excretory cells of both C. elegans and D. melanogaster lack cilia.  Therefore, ciliary 
dysfunction – the major cause of CKDs – cannot be studied in either of these invertebrates.  
Since renal cilia in the mammalian kidney are very difficult to visualize in vivo, other 
model organisms with experimentally accessible ciliated excretory organs will be 
instrumental for improving our understanding of human CKDs. 
 
The Planarian Protonephridial Excretory System 
Protonephridia are a self-contained ciliated excretory system found in a wide range 
of invertebrate groups, including Platyhelminthes, Nemertea, Rotifera, Acanthocephala, 
Entoprocta, Kinorhyncha, Gastrotricha, Priapulida, Annelida, Mollusca, and 




flatworms, members of the Platyhelminthes, possess protonephridal excretory systems, a 
network of tubules distributed along the body length of the animals (Fig. 1.5a).  The 
protonephridium consists of a tube or tubule opening distally via nephridiopore at the 
surface of the animal and ending proximally in one or more terminal structures (Fig. 1.5a’-
a’’) (Wilhelmi, 1906; Wilson and Webster, 1974). Like many invertebrates, the 
morphology of the planarian excretory system has been extensively investigated by 
histochemical and ultrastructural techniques (Ishii, 1980a, b; McKanna, 1968a, b; 
Pedersen, 1961; Wetzel, 1962).   
 
Morphology of Planarian Protonephridia 
Planarian flame cell is a single cell comprised of a blindly ending nucleated tube 
of cytoplasm in which lies the tuft of flagella (Wilson and Webster, 1974).  In Dugesia 
tigrina, the flame cell is cylindrical, forming a thin-walled “basket” open to the lumen of 
a nonciliated collecting duct (Wetzel, 1962).  The cytoplasm is concentrated at the basal 
pole (the closed end of the “basket”), which supports a bundle of cilia (Fig. 1.5b-c).  These 
abundant cilia resemble the appearance of a fire’s flames when visualized histologically, 
providing the inspiration for naming these cells. The cell body and its nucleus can reside 
at the proximal pole or anywhere along the length of the flame bulb.  There are about 35-
90 cilia forming the “flame” in the lumen of the flame cell surrounded by numerous 
microvilli in the regions of the fenestrae (Fig. 1.5c).  The flame cells are connected to the 
cells of a nonciliated tubule and to a ciliated collecting duct by septate junctions, the 
homologous structure to the tight junctions in vertebrates.  The cilia of the "flame" 




Figure 1.5. The planarian protonephridial excretory system. a, Distribution of 
protonephridial excretory system in the planarian Dendrocoelum lacteum (after (Hyman, 
1951)).  a’-a’’, Part of flatworm protonephridium consists of multiple flame cells (a’’) 
connected to the tubule (after (Hyman, 1951)). b, Schematic diagram of protonephridial 
system in the planarian Dugesia tigrina (after (McKanna, 1968b)). c-e, electron 
micrographs showing cross sections of protonephridial cell types showing in b: (c) flame 










planarian Bdellocephala brunnea, the flame cell was described as an elongated ellipsoidal 
shape and could be divided into two parts by the position of the cell body: a larger proximal 
part and a smaller distal part that appears narrower (Ishii, 1980a).  In this study, the 
fenestrated structure of the planarian flame cell was also described as the result of the 
interdigitation of luminal microvilli on its peripheral margin. 
Distal to the terminal structures of protonephridia is a tubular network.  These 
tubules have been described as single-layer cuboidal or flattened epithelial canals leading 
from the flame cells to the surface epithelium (Wilson and Webster, 1974).  The tubule 
walls in the planarian Dugesia tigrina are made up of two cells, approximately half of the 
lumen being bounded by each cell.  Desmosomes are present where the cells meet and the 
cytoplasm of each cell contains an irregular nucleus, Golgi complexes, and many vesicles 
(Fig. 1.5d-e) (McKanna, 1968b; Pedersen, 1961).  Wetzel described tubules of 
protonephridia as being thrown into folds that penetrated between the surrounding 
parenchymal cells.  The presence of these folds, together with numerous mitochondria in 
the cytoplasm, were taken as evidence that the excretory fluid was modified by the tubules 
(Wetzel, 1962).  Cilia are sometimes present in the lumen of the large collecting ducts, 
presumably to assist the flow of fluid towards the nephridiopore (McKanna, 1968b).  The 
number of flame cells and tubule distribution may vary greatly from group to group.  Some 
worms have a simple system in which ducts from a few protonephridia fuse before 
emptying on the surface of the worm.  In more complex systems, there are many terminal 
and lateral flame cells with highly convoluted tubules that fuse before entering a large 




and structure of the nephridiopore remain unknown in planarians (Ishii, 1980b; McKanna, 
1968b). 
 
Proposed Functions of Planarian Protonephridia 
Functions of planarian protonephridia in excretion and osmoregulation have been 
proposed mainly on the basis of ultrastructural analyses.  First of all, the flame cells of 
protonephridia were argued to be the site of filtration because they satisfied two necessary 
criteria for filtration.  This includes 1) the presence of a filter separating two fluid 
compartments and 2) a pressure gradient across the filter.  The interdigitations between the 
flame cell and tubule cell have been postulated to be a region where filtration of interstitial 
fluid occurs.  Meanwhile, the beating cilia have been suggested to draw fluid from 
interstitial spaces into the lumen of the organ, propelling it down the tubule (Ishii, 1980a; 
McKanna, 1968a; Pedersen, 1961; Wetzel, 1962).  Secondly, in the proximal tubules, there 
is a distribution gradient of elements interpreted as participating in protein absorption, such 
as vacuoles and dense vesicles and granules.  These are most numerous in the flame cell 
and gradually decrease distally.  These features closely resemble the proximal convoluted 
tubule cell of the mammalian kidney (Ishii, 1980a; McKanna, 1968a; Pedersen, 1961; 
Wetzel, 1962).  Finally, there is evidence for morphological similarity of “osmoregulatory 
cells” in the distal tubules and collecting tubes of planarian protonephridia to various 







The recent revival of planarians as a molecularly tractable model system and their 
phylogenetic position within the scarcely sampled Lophotrochozoa superphylum has 
provided a unique opportunity to close the “invertebrate gap” in kidney model systems.  
As mentioned above, planarians provide a representative invertebrate protonephridial 
excretory system.  They also offer a rapidly expanding list of experimental tools, including 
a sequenced genome for the species Schmidtea mediterranea, RNA-mediated genetic 
interference (RNAi), and various histological protocols (Elliott and Sanchez Alvarado, 
2013).  Additionally, planarians have the fascinating ability to regenerate not only all organ 
systems, but complete animals from minute tissue fragments.  Thus, amputation-induced 
organogenesis provides a unique experimental paradigm to study excretory system 
ontogeny.  As such, for the first time, planarians provide a unique opportunity to 
systematically characterize a protonephridial excretory system at the molecular level. 
This thesis research aims to perform a comprehensive functional and molecular 
characterization of planarian protonephridia in order to provide new insights into the long-
debated question of the evolutionary relationship between vertebrate and invertebrate 
excretory systems as well as to gauge planarians’ potential as a novel invertebrate model 
for human kidney development, diseases, and evolution.  To achieve these goals, this thesis 
has focused on answering three key questions: 
1)  What are the molecular and functional identities of the protonephridial 





2) Does protonephridia regeneration resemble morphogenetic events during 
kidney ontogeny?  Do they share common genetic regulators? 
3) Can planarian protonephridia model pathologies of the human kidney? 
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The maintenance of organs and their regeneration in case of injury are critical to 
the survival of all animals.  High rates of tissue turnover and nearly unlimited 
regenerative capabilities make planarian flatworms an ideal system to investigate these 
important processes, yet little is known about the cell biology and anatomy of their 
organs.  Here we focus on the planarian excretory system, consisting of internal 
protonephridial tubules.  We find that these assemble into complex branching patterns 
with a stereotyped succession of cell types along their length.  Organ regeneration likely 
originates from a precursor structure arising in the blastema, which undergoes extensive 
branching morphogenesis.  In an RNAi-screen of signaling molecules, we identified an 
EGF-Receptor (Smed-EGFR-5) as a critical regulator of branching morphogenesis and 
maintenance.  Overall, our characterization of the planarian protonephridial system 
establishes a new paradigm for regenerative organogenesis and provides a platform for 
exploring its functional and evolutionary homologies with vertebrate excretory systems. 
 
Introduction 
Planarian flatworms have astonishing regenerative abilities (Reddien and 
Sanchez, 2004).  Arbitrary tissue fragments originating from almost any body plan 
position can regenerate into complete and perfectly proportioned animals.  This ability is 
even more fascinating in the face of the anatomical complexity of planarians.  As 
members of the Lophotrochozoa, they contain a set of organ systems typically associated 
with higher animals, including a central nervous system (bi-lobed brain and ventral nerve 




excretory system (protonephridia), and complex arrays of sensory systems (e.g., chemo-, 
rheo- and photoreceptors).  In order to restore the anatomical complexity of newly 
formed tissues, the regeneration of a complete animal from a random tissue fragment 
necessitates organogenesis on a massive scale.  Regenerative organogenesis shares a 
number of problems with embryonic organogenesis (e.g., cell differentiation and 
morphogenesis), but raises further intriguing questions: Does organogenesis in 
regenerated tissues proceed de novo or by templated biogenesis from organ remnants? 
How is the regenerative response tuned to replace exactly the missing organ mass?  How 
are functional and morphological integration between regenerated and preexisting organ 
fragments achieved? Similar questions pertain to the limited, but medically important 
regenerative abilities of vertebrate organs (e.g., liver) (Pahlavan et al., 2006) and are 
generally not well understood.   
In terms of organ regeneration, the planarian CNS has so far received the most 
attention (Agata and Umesono, 2008; Cebria, 2007).  However, a multitude of cell types 
indicated by the rich and varied gene expression patterns and cell morphologies described 
to date make a mechanistic understanding of planarian brain regeneration a daunting 
endeavor (Cebria et al., 2002; Collins et al.; Nishimura et al., 2007; Nishimura et al.; 
Nishimura et al., 2008; Umesono et al., 1999).  In search of a simpler structure to develop 
as a regenerative organogenesis model, we decided on the planarian excretory system.  
The latter consists of epithelial tubules that appear to end blindly in the mesenchyme.  
This feature defines the planarian excretory system as protonephridial in contrast to 
metanephridial systems like the vertebrate nephron, in which one terminus is located in 




found throughout the animal kingdom.  Their evolutionary relationship with 
metanephridial systems such as the mammalian kidney remains a subject of intense 
debate and considerable interest due in great part to the limited suitability of traditional 
invertebrate model systems for studying kidney pathologies (Hyman, 1951; Ruppert, 
1994; Wilson and Webster, 1974).   
However, the anatomy of planarian protonephridia is not well understood.  
According to Hyman (Hyman, 1951), who remains the most comprehensive author on 
invertebrate anatomy, the planarian excretory system consists of anastomosing “main 
tubules” along the lateral body margins and their ciliated side branches.  The lumen of the 
tubules is thought to be continuous with the outside via dorsally located nephridiopores.  
However, substantial disagreements in the underlying light microscopic observations 
from the late 19th and early 20th century reveal considerable uncertainty regarding this 
view (Chichkoff, 1888; Wilhelmi, 1906).  On the ultrastructural level, electron 
microscopy studies described protonephridia as having the following components: 1) 
cylindrical cells located at the tip of the ciliated side branches, with narrowly apposed 
strands of cytoplasm forming a fenestrated barrel around a central bundle of cilia, whose 
flickering movements gave rise to the term “flame cell” (Ishii, 1980a; McKanna, 1968a); 
2) an initial ciliated tubule segment connected to the lumen of the flame cell barrel and 
purportedly composed of squamous epithelial cells; and 3) nonciliated “main tubules” 
composed of a cuboidal epithelium (Ishii, 1980b; McKanna, 1968b; Pedersen, 1961).   
Functional studies on protonephridia in planarians or other invertebrates are 
extremely scarce, but it is generally assumed that the concerted beating of the flame cell 




the lumen of the tubule, where the lining epithelial cells modify the ultrafiltrate by 
absorption and secretion during its proximo-distal passage and eventual release to the 
outside (Wilson and Webster, 1974).  Likewise, knowledge regarding the molecular or 
functional identity of protonephridial cell types remains largely elusive (Finken-Eigen 
and Kunz, 1997; Pedersen, 1961; Skelly and Shoemaker, 2001). 
We report here a systematic analysis of protonephridial structure and function 
with modern molecular biology tools.  Our visualization of protonephridial architecture in 
planarians and the concomitant identification of specific markers for flame cells, 
proximal and distal tubule cells reveal a complex, branched epithelial organ consisting of 
multiple cell types.  We found that protonephridia regenerate in a stereotypic sequence of 




Anatomy and Ultrastructure of the Schmidtea mediterranea 
Protonephridial System 
Sections of the planarian protonephridial system are known to be ciliated, and it 
has been reported that antibodies against tubulin, a major structural component of cilia, 
may label flame cells (Cebria and Newmark, 2005).  We therefore used Tubulin 
staining of whole-mounted animals to gauge the general organization of protonephridia in 
planarian.  Even though Tubulin staining also labeled other anatomical features (Fig.  
2.1A, C), protonephridia were by far the brightest structures, allowing unambiguous 




Figure 2.1. Distribution of protonephridia.  A: Whole-mount Tubulin antibody 
staining.  Magnified head and tail regions are shown to the lower left and right, 
respectively.  Flame cells appear as brightly staining club-shaped structures.  Other 
anatomical features labeled by -Tub staining are: Ventral nerve cord (VNC); Pharynx 
(Prx); Eye cups (Ey); peripheral nerves (e.g., arrows).  Blue frame: Magnified inset 
shown in B.  Images are maximum projections of confocal Z-sections.  Scale bars: 200 
m.  B: Depth-coded maximum projection.  Superficial structures appear in red, 
structures deep in the tissue as blue.  Dotted outlines: Single protonephridial units.  f: 
Examples of flame cells.  Proximal units in the tail are depicted.  Scale bars: 20 m.  C: 
Top: Transverse cross sections of Tubulin stained whole-mount animals, at the level of 
the photo receptors (left), pharynx (center), and half-way between pharynx and tail tip 
(right).   Flame cells appear as bright dots (e.g., f: top center and bottom right).  Scale 
bar: 200 m.  Bottom: Magnification of red-framed area above.  Left: Nuclei (DAPI); 
Center:  Tubulin; Right: Merge.  e: Surface epithelium; bm: Basement membrane; m: 











were readily apparent (Fig. 2.1A).  Flame cells were highly abundant throughout the 
entire animal and appeared to be specifically aligned along the head margins (Fig. 2.1A, 
bottom left).  At higher magnification, flame cells could be seen to connect to an 
Tubulin positive network, likely corresponding to the ciliated tubule segments 
described in prior electron microscopy studies (McKanna, 1968b; Pedersen, 1961).  Our 
whole-mount stains revealed a stereotypic organization of planarian protonephridia into 
tree-like units, whereby a common highly coiled “stem” splits into several thinner 
branches, each carrying one or two flame cells at its end.  At least in the caudal regions of 
planarians, this arrangement results in a remarkably consistent number of 14 or 15 flame 
cells/unit (14.55 +/- 0.65), possibly indicating a stereotyped developmental sequence of 
protonephridia (Fig. 2.1B).  Transverse sections showed protonephridial units to be 
entirely embedded in the mesenchyme and distributed without appreciable dorso-ventral 
bias.  Flame cells were mostly located immediately below the muscular layer that 
surrounds the planarian mesenchyme (Fig. 2.1C).  The tubule stems usually faded out 
deeper into the mesenchyme, suggesting a transition into a nonciliated tubule section 
undetectable by -Tubulin stainings.  Although some protonephridial units were found 
deep in the mesenchyme (near CNS elements, between the two posterior gut branches 
and within the pharynx), the ciliated sections of the planarian protonephridia system 
appeared to mostly form a loose network around the surface of the mesenchyme (Fig. 
2.1A, C). 
In parallel, we optimized high pressure freezing methods for planarians, a method 
that can yield better tissue preservation for electron microscopy than traditional chemical 




feature of high pressure frozen specimens were large volumes of extracellular space 
between cells in the mesenchyme (Fig. 2.2B).  The suggested loose organization is 
consistent with the almost instantaneous dissociation of the planarian mesenchyme upon 
removal of the epithelium (not shown).  Readily identifiable ciliation and other criteria 
previously established in chemically fixed material (Ishii, 1980a, b; McKanna, 1968a, b) 
provided a set of morphological features for the identification of protonephridial 
structures.  Flame cells were defined by the “filtration weir” consisting of closely 
apposed strands of cytoplasm surrounding a central cilia bundle and by numerous 
microvilli between weir and cilia (Fig. 2.2C, D).  The flame cells were often attached to a 
muscle fibre (not shown), and were always surrounded by a comparatively large volume 
of extracellular space (Fig. 2.2C), which in past studies using chemically fixed material 
appears to have occasionally been misinterpreted as “fixed parenchymal cells” (Ishii, 
1980b; Pedersen, 1961).  Cross sections through ciliated tubule sections were much more 
frequent than flame cell sections and tended to occur in clusters, consistent with the 
tortuous course of ciliated trunk and side branches (Fig. 1.1B).  Interestingly, clusters of 
ciliated profiles were almost invariably accompanied by clusters of nonciliated tubular 
cross sections (Fig. 2.2B).  Both types of lumens were formed by intercellular junctions 
between two cells, which in the case of nonciliated tubules often showed dramatic folding 
of their cytoplasm, appearing as mitochondria-rich “loops” in cross section (Fig. 2.2B, 
H).  Due to their spatial co-occurrence with ciliated profiles, the nonciliated profiles 
likely correspond to a similarly sinusoidal continuation of the ciliated tubules.  In both 
ciliated- and nonciliated tubule sections, we observed morphological subtypes of the 




Figure 2.2. Ultrastructure of protonephridial cell types in high-pressure frozen 
specimens.  A: Cartoon showing approximate location of indicated section planes.  
Question marks indicate uncertainty with respect to the exact position.  B: Overview 
image, showing ciliated tubule lumens (ctl) and nonciliated tubule lumens (nctl).  Lumens 
are formed by intercellular tight junctions (tj) between two tubule cells with laterally 
positioned nuclei (n).  The cytoplasm of distal tubule cells is thrown into extensive folds 
(f), rich in Mitochondria (m).  Scale bar: 1 m.  C: Coronal cross section through a flame 
cell.  The bundle of 9+2 cilia (c) is surrounded by a barrel of thick cytoplasmic processes 
(e.g., tcp), which support the filtration diaphragm (fd).  Filaments (fl) inside the barrel 
have been interpreted as structural support.  bb: Basal body, es: Extracellular space.  Red 
frame: High magnification of the filtration diaphragm (arrowhead).   Scale bar: 1 m.  D: 
Longitudinal cross section through a flame cell, annotations as before.  Scale bar: 1 m.  
E, F: Cross sections through two types of ciliated proximal tubule lumens, bounded by 
squamous (D) or more cuboidal (E) cells.   Scale bars D-E: 2 m.  G, H: Cross sections 
through two types of nonciliated distal tubule lumina, bounded by cuboidal (F) or 










constituent cell types inferred previously (ciliated “ductule” and ciliated “collecting duct” 
(McKanna, 1968b); nonciliated “trunk” and “distal tubule” (Ishii, 1980b), or “transitional 
region” or “osmoregulatory duct” (McKanna, 1968b)).  Jointly, these experiments 
provide strong evidence to support the existence of multiple protonephridial cell types.   
 
Protonephridia Are Complex Epithelial Organs 
In order to identify molecular markers for the suspected diversity of 
protonephridial cell types, we screened whole-mount gene expression patterns for partial 
recapitulation of the Tubulin staining pattern (Fig. 2.3A).  The gap junction gene 
Smed-innexin-10 (short hand inx10) (Oviedo and Levin, 2007), and a carbonic anhydrase 
gene (H.14.9d = Smed-CAVII-1; short hand CAVII-1) (Sanchez Alvarado et al., 2002), 
were both expressed in branching patterns, whereby CAVII-1 branches appeared less 
complex and tended to terminate farther away from the  body margins.  The ciliary 
dynein heavy chain Smed-DNAH-3 (short hand DNAH-3) was expressed in punctate 
foci with a similarly uniform distribution as flame cells, yet with additional expression 
domains in the pharynx and along the body margins.  All three genes indeed marked 
specific sections of protonephridia, as shown by colocalization with Tubulin 
immunostaining and double in situ experiments (Fig. 2.3B, C; supplemental movies 1, 2).  
Together, these markers permit the following molecular description of protonephridial 
anatomy (Fig. 3D): D-positive flame cells connect to inx10-expressing, ciliated 
tubules, which transition into CAVII-1-positive tubules.  The tightly coiled CAVII-1-
positive tubules are no longer ciliated, thus very likely corresponding to the nonciliated 




Figure 2.3. Molecular anatomy of protonephridia.  A: Whole-mount expression 
patterns of indicated marker genes by in situ hybridization (NBT/BCIP development).  
Anterior is to the top.   Prx: Pharynx.  Bottom: Magnification of red-framed area.  Scale 
bars: 500 m (top), 100 m (bottom).  B: Fluorescent overlay of indicated in situ patterns 
(green; right) with anti-Tubulin staining (pink and left).  Images are maximum 
projections of confocal Z-sections.  Scale bars: 20 m.  C: Fluorescent overlay of double 
in situ patterns (red and green) with anti-Tubulin staining (blue).  Marker identity as 
indicated.  Images are maximum projections of confocal Z-sections.  Scale bars: 20 m.  
D: Cartoon of protonephridial molecular anatomy.  See text for details.  E: Cross sections 
of double-labelled whole-mount animals (red: inx10 and green: CAVII-1) and overlayed 
with anti-Tubulin staining (blue).  Sections were taken at the level of the 
photoreceptors (top), pharynx (center), and half-way between pharynx and tail tip 










positive segments often connected two neighboring proximal units, continuing the 
convergence trend of many proximal elements into fewer and fewer distal structures.  
Based on our molecular markers and Ishii’s previous efforts to clarify the confusing 
nomenclature (Ishii, 1980b), we refer to the ciliated and inx10-expressing segments as 
“proximal tubules” and nonciliated CAVII-1-expressing segments as “distal tubules”.  
Unlike the uniformly distributed proximal units, distal tubules showed a clear bias 
towards the dorsal side in transverse sections (Fig. 2.3E).  The connection to ventral 
proximal units was maintained via long inx10-positive tubule segments transgressing the 
mesenchyme (Fig. 2.3E).  However, distal tubules still appeared to terminate abruptly in 
the mesenchyme.  Hence, markers for yet more distal segments remain to be discovered, 
which should also reveal whether protonephridia really drain via dorsal nephridiopores or 
possibly into the gut instead.  Together, our ultrastructural and molecular marker analyses 
indicate that planarian protonephridia are a complex epithelial organ system, consisting 
of multiple cell types organized into an intricate branching pattern. 
 
Protonephridia Regeneration 
Having characterized markers for protonephridial cell types, we next explored 
how the cellular and morphological complexity of these organs is restored in the course 
of regeneration.  Using multicolor in situ experiments at defined time points after 
amputation, we examined the temporal sequence and morphology of marker expression 
in head and tail blastemas (Fig. 2.4A, B).  At day 1 post amputation, the flame cell 
marker (DNAH-3) and the proximal marker inx10 produced diffuse and grainy signals at 




unambiguous differentiation between old and new tissues and the variability of signal 
observed between different animals could indicate background staining.  However, 2 
days after amputation, the proximal marker was prominently expressed in a rod-shaped 
structure embedded within the blastema, which was also associated with punctate flame 
cell marker expression.  Even in high magnification confocal Z-stacks, we could not 
detect proximal marker-positive connections between this rod and protonephridia in the 
old tissue.  Moreover, the morphology and temporal appearance of the structure was 
highly stereotyped, invariably occurring as a size-matched pair on either side of the 
midline in both head and tail blastema.  Interestingly, the temporal snapshots of the 
regeneration time course experiments suggested that this structure may be the precursor 
of all protonephridia regeneration in the new tissue, which is why we refer to it as the 
proto-tubule.  The distal marker CAVII-1 was first expressed on the 3rd day after 
amputation, its initial expression domain invariably bisecting the proto-tubule.  
Beginning on day 3, the inx10 positive proximal segments underwent extensive 
branching morphogenesis.  Branching became first evident on day 3 (see also dispersal of 
DNAH-3 signal), and branch elongation towards the blastema margins was especially 
prominent on day 4.  Even though branching appeared to be slightly delayed in tail 
blastemas as compared to head blastemas, protonephridia morphology in both cases 
became practically indistinguishable from uncut animals by day 6 after amputation, 
suggesting that organ regeneration as assessable with the present set of markers was 
complete by this time point.  Overall, the highly stereotyped regeneration of 
protonephridia from a precursor structure argues in favor of de novo organogenesis in 




Figure 2.4. Protonephridia regeneration.  A: Magnified view of left-anterior and left-
posterior blastema of regenerating trunk fragments at indicated time points after 
amputation.  Dotted lines demarcate boundary between old and new tissue, inferred from 
autofluorescence in the infra-red channel (not shown).  In addition to anti-Tubulin 
antibody staining (blue), the top two rows were hybridized with the proximal marker 
probe (inx10; red) and the distal marker probe (CAVII-1; green).  The bottom two rows 
were hybridized with the flame cell probe (DNAH-3, red).  Images are maximum 











An Epidermal Growth Factor Receptor Is Required for 
Protonephridial Function 
In order to identify components of the signaling network orchestrating 
protonephridia differentiation and morphogenesis, we performed an RNAi-screen of a 
candidate library comprising ~400 planarian homologues of conserved signaling pathway 
components (Rink J.C. and Gurley K.A.; unpublished).  Previous studies have reported 
massive bloating of animals fed RNAi against cilia components (Reddien et al., 2005; 
Rink et al., 2009), or the proximal marker gene inx10 (Oviedo and Levin, 2007).  In 
osmotic shock experiments and accompanying histological sections, we observed that 
such bloating is in fact caused by severe edema formation upon functional impairment of 
the ciliated and inx10-expressing proximal tubule (Fig. 2.5).  Edema formation also 
provided a readily apparent screening phenotype for potential protonephridia genes.  Our 
screen identified the Epidermal Growth Factor Receptor (EGFR) homologue Smed-
EGFR-5 (short hand EGFR-5) that, when knocked down, led to edema formation in intact 
and regenerating animals similar to inx10(RNAi) (Fig. 2.6A, Fig. 2.7).   Even though 
planarians have 5 EGFR-family members (Rink J.C., unpublished), which represents an 
unusual expansion of this gene family amongst invertebrates (Stein and Staros, 2006), 
only RNAi of Smed-EGFR-5 led to edema formation.  The first indication of a phenotype 
in uncut EGFR-5(RNAi) animals was an apparent depigmentation in the anterior half of 
the animals (“Pale”; beginning at day 5 after the last RNAi-feed; Fig. 2.6B).  Within 3 
days, “pale” animals progressed to tail edema formation as in inx10(RNAi) animals.  
Starting at day 14 after the last RNAi feeding, lesions became apparent which progressed 




Figure 2.5. Proximal tubule defects cause edema formation.  A: Knockdown of inx10 
or the cilia component IFT172 cause severe bloating in uncut RNAi-fed animals 14 days 
after the last feed.  Scale bar: 500 m.  B: 10-fold increase of environmental osmolarity 
for 24 hours phenotypically rescues inx10(RNAi) induced bloating (bottom right), without 
noticeable effects on control animals (top right).  Randomly selected animals are shown.  
Scale bar: 1000 m.  C: Transverse cross sections through the tail region stained with the 
protein dye Toluidine Blue.  The drastically lowered cell density in bloated inx10(RNAi) 
animals in regular environment (center) nearly returned to control levels (left) after 24 
hours exposure to high external osmolarity (right).  VNC: Ventral nerve chords.  g: Gut.  











Figure 2.6. Smed-EGFR-5 is required for protonephridia function and expressed in 
flame cells.  A: Gross morphological consequences of EGFR-5 knockdown in uncut 
animals (left, 14 days after last feed) and regenerated fragments (right, 14 days after 
amputation).  Scale bars: 500 m (right), 300 m (right).  B: Temporal succession of 
indicated phenotypes in a cohort of EGFR-5(RNAi)-fed animals.  N = 42.  C: Whole-
mount expression pattern of EGFR-5 by in situ hybridization (NBT/BCIP development).  
Bottom: Magnification of red-framed areas.  Scale bars: 500 m.  D: Fluorescent overlay 
of EGFR-5 in situ pattern (green) with indicated proximal markers.  Images are 
maximum projections of confocal Z-sections.  Scale bars: 50 m.  E: High magnification 
views of EGFR-5 expression together with indicated markers in early head and tail 










Figure 2.7. EGFR-5 structure and sequence analysis.  A: Domain structure (SMART: 
http://smart.embl-heidelberg.de/) of SMED-EGFR-5 and its two closest human- or fly 
homologues, HS-ERBB4 and DM-EGFR, respectively.  Note that the N-terminus of the 
SMED-EGFR-5 sequence is truncated.  Fu: Furin-like repeats, TyrKc: Tyrosine Kinase 
domain.  Dark blue bar: Transmembrane domain, which is obscured in HS-ERBB4 due to 
overlap with a Fu- prediction.  Pink rectangles: Disordered regions.  Scale bar: Amino 
acids.  B: Blast e-values, obtained by blasting the SMED-EGFR-5 sequence against 
human (H.s.) or Drosophila melanogaster (D.m) nonredundant protein sequences.  The 
top hits in both cases were EGFR-homologues.  Despite the high e-value, SMED-EGFR-
5 is likely not an orthologue of vertebrate ERBB4.  Preliminary sequence analysis (JCR, 
unpublished) suggests that the 5 planarian EGFR-homologues arose from an independent 
expansion of this gene family.  C: Amino acid sequence alignment (Clustal-W) between 
Hs-ERBB4, Dm-EGFR, and SMED-EGFR-5, the N-termini of Hs-ERBB4 and Dm-
EGFR were cropped to the length of SMED-EGFR-5.  Identical, conserved or similar 
residues are indicated by *, :, or ., respectively.  The tyrosine kinase domain is 
highlighted in orange, the individual transmembrane domain predictions (SMART) in 
gray.  The regions corresponding to the 5 Furin-like repeats in the SMED-EGFR-5 






















in protonephridial function, EGFR-5 was expressed seemingly exclusively in Y-shaped 
branches reminiscent of proximal protonephridia segments (Fig. 2.6C).  Multicolor in situ 
hybridizations confirmed co-expression with the proximal marker inx10 and revealed 
particularly high expression levels in DNAH-3 positive flame cells (Fig. 2.6D).  
Consistently, EGFR-5 expression became detectable along with the flame cell marker 
already at 48-hour of regeneration at the proto-tubule stage (Fig. 2.6E).  Taken together, 
these data identify EGFR-5 not only as a second marker for flame cells and the adjacent 
terminal proximal branches, but also as a molecule with an important role in maintaining 
the functional integrity of the proximal segment of protonephridia.   
 
EGFR-5 Is Required for Flame Cell Maintenance and Branching 
Morphology 
In order to understand how EGFR-5 might influence protonephridia function, we 
examined protonephridia regeneration in EGFR-5(RNAi) animals.  A first survey of 
regenerated heads and tails 14 days after amputation demonstrated that all three cell-type 
markers were present, indicating that the respective cell types had differentiated (Fig. 
2.8A).  However, the expression patterns, especially those of the proximal markers, were 
severely disturbed.  Multicolor confocal imaging experiments (Fig.  2.9A) demonstrated 
abnormal thickening of proximal branches and misdirected branch extension towards the 
posterior in head fragments.  In tail fragments, however, the few remaining proximal 
segments were coiled into tight balls (Fig.  2.9A).  Regeneration time course experiments 
provided insights into the ontogenesis of these defects (Fig. 2.8B, Fig. 2.9B; refer to Fig. 




Figure 2.8. EGFR-5(RNAi) regeneration phenotypes.  A: Indicated protonephridial 
marker gene expression in regenerated control and EGFR-5(RNAi) animals, 14 days after 
amputation.  Each pair was developed under identical conditions.  Only regenerated 
heads and tails are shown.  Scale bars: 100 m.  B: Magnified view of left-anterior and 
left-posterior blastema of regenerating trunk fragments of EGFR-5(RNAi) animals at 
indicated time points after amputation.  Refer to Fig. 2.4 as control.  Dotted lines 
demarcate boundary between old and new tissue, as inferred from autofluorescence in the 
infra-red channel (not shown).  Tubulin antibody staining (blue) was combined with 
the flame cell probe (DNAH-3, red).  Images are maximum projections of confocal Z-
sections.  Scale bars: 100 m.  C: Representative examples of regenerating EGFR-
5(RNAi) animals, hybridized with the EGFR-5 antisense probe, at the indicated day of 
regeneration.  EGFR-5 expression was below the detection threshold on day 1, but clearly 
detectable at day 6.  The hazy staining at intermediate time points is likely background.  
The fragments were all treated and developed in an identical manner, except for day 14 










Figure 2.9. EGFR-5(RNAi) phenotype ontogeny in regeneration.  A: Late stage 
morphological defects of regenerated protonephridia in EGFR-5(RNAi) animals (right 
half), compared to control (left half) at 14 days post amputation.  Head (top row) and tail 
(bottom) of representative animals are shown, magnifications show the boxed region in 
the respective overview images.  Color coding of markers as indicated, monochrome 
magnifications: Tubulin staining.  Images are maximum projections of confocal Z-
sections.  Scale bar: 100 m.  B: Magnified view of left-anterior and left-posterior 
blastema of regenerating trunk fragments of EGFR-5(RNAi) animals at indicated time 
points after amputation.  Refer to Fig.  4 as control.  Dotted lines demarcate boundary 
between old and new tissue, as inferred from autofluorescence in the infra-red channel 
(not shown).  Tubulin antibody staining (blue) was combined with the proximal 
marker probe (inx10; red) and the distal marker probe (CAVII-1; green).  Images are 
maximum projections of confocal Z-sections.  Scale bars: 100 m.  C: Left: Flame cell 
quantification in 14-day EGFR-5(RNAi) regenerates having received either the standard 
RNAi-dosage used throughout this manuscript (“Feeding”) or an additional injection of 
EGFR-5 dsRNA on the 3rd day of regeneration (“Feeding + Injection”).  3 proximal units 
in 6 animals were scored for each time point.  Error bars represent the standard error of 
the mean.  Right: Example illustrating the flame cell counting procedure using the 
indicated markers.  For greater sensitivity, the flame cell marker DNAH-3 was 
developed with the nonfluorescent substrate NBT/BCIP.  Flame cells (labeled) were 
defined as the spatial coincidence of an NBT/BCIP focus with a terminal tubule segment 
in image Z-stacks.  The images shown are maximum projections of a Z-stack, the 
NBT/BCIP brightfield image was brightness-inverted and pseudo-colored green.  Scale 










EGFR-5(RNAi) animals, but severe branching and branch extension defects became 
apparent from day 3 onwards.  The sprouting and peripherally directed extension of 
proximal branches from the proto-tubule was severely inhibited, such that by day 6, when 
control animals had regenerated the complete proximal arborizations, EGFR-5(RNAi) 
animals displayed only short, partly posteriorly misoriented inx10-positive bundles in the 
head, but hardly any signs of branch extension in tails.  A further abnormality of 
protonephridia regenerated under EGFR-5(RNAi) were less prominent flame cell cilia 
bundles in the -Tubulin channel (Fig. 2.9A).  Also the flame cell marker expression 
pattern was affected (Fig. 2.8A, B), suggesting possible defects in flame cell specification 
or maintenance.  Indeed, quantification of flame cells numbers in EGFR-5(RNAi) animals 
14 days after amputation (Fig. 2.9C) revealed a decrease to an average of 8 flame 
cells/proximal unit.  An additional injection of EGFR-5 dsRNA on the 3rd day of 
regeneration, administered in order to boost the lessening knockdown efficiency (Fig. 
2.8C), resulted in a further decrease to approximately 5 flame cells/proximal unit.  Thus, 
regeneration of protonephridia under EGFR-5(RNAi) caused both morphological defects 
of proximal arborizations and a reduced number of flame cells/proximal unit.   
The same spectrum of phenotypes was also observed in nonregenerating animals.  
Expression of the flame cell marker was severely reduced 14 days after the last RNAi-
feed (Fig. 2.10A).  A quantification of flame cell numbers/proximal unit revealed a rapid 
decline in response to EGFR-5(RNAi), reducing their numbers to 2/unit around day 14 
(Fig. 2.10B).  Such loss of flame cells likely explains edema formation and eventual lysis 
in EGFR-5(RNAi) animals.  In addition, proximal arborizations were also severely 




Figure 2.10. EGFR-5(RNAi) phenotype ontogeny in intact animals.  A: Indicated 
protonephridial marker gene expression in control- and EGFR-5(RNAi) animals, 14 days 
after last RNAi-feed.  Each pair was developed under identical conditions.  Bottom: 
Magnification of the red framed area above.  Scale bars: 500 m (top), 100 m (bottom).  
B: Time course quantification of average flame cell numbers per proximal unit.  
Diamonds: EGFR-5(RNAi) animals, triangles: controls.  Flame cells were counted in 
confocal Z-stacks of Tubulin/DNAH-3 double-labeled whole-mount animals.  3 
proximal units in 5 animals were scored for each time point.  Error bars represent the 
standard error of the mean.  C: Morphological defects of protonephridia in EGFR-
5(RNAi) animals (right half), compared to control (left half) at 14 days post last RNAi 
feed.  Head (top row) and tail (bottom) of representative animals are shown, 
magnifications show the boxed region in the respective overview image.  Color coding of 
markers as indicated, monochrome magnifications: Tubulin staining.  Images are 










and misdirected branching patterns observed in regenerating animals (Fig. 2.8A), 
proximal arborizations were severely shortened to a few, short coils, especially in caudal 
regions.   
Interestingly, the gradual loss of flame cells (Fig. 2.10B) was paralleled by a 
collapse of proximal arborizations (Fig. 2.11).  Thus, our data indicate that EGFR-5 is 
required both for flame cell maintenance and for guiding branch extension of 
protonephridia.  The close association between the two phenotypes further suggests that 
they may be mechanistically linked. 
 
Discussion 
Our results establish the planarian protonephridia as a bona fide epithelial organ 
system.  A variety of cell types assemble into complex tubular arbors with stereotypic 
proximo-distal organization, in which abundant proximal elements converge into fewer 
and fewer distal structures.  Such complexity at the architectural and morphological level 
place planarian protonephridia en par with other branched organ systems such as trachea 
in insects and lungs, mammary glands, blood vessels, and the kidney in vertebrates 
(Beyenbach et al., 2010; Costantini and Kopan, 2010; Lu and Werb, 2008).  All of the 
above examples rely critically on branching morphogenesis to establish the specific 
morphology necessary for proper organ function.  It is, therefore, not too surprising that 
our screen of signaling components required for protonephridia-mediated tissue fluid 
homeostasis identified a gene with functions in branching morphogenesis.   
The first phenotype resulting from Smed-EGFR-5(RNAi) was dramatic effect on 




Figure 2.11. Gradual collapse of proximal units in nonregenerating EGFR-5(RNAi) 
animals.  Representative examples of protonephridial units in the tail region from the 
data set used to quantify the progressive flame cell loss depicted in Fig.  7C.  For each of 
the indicated day, one control unit and three separate examples of proximal units in 
EGFR-5(RNAi) animals are shown.  The images are confocal maximum projections of -










fanned-out organization of proximal branches collapsed until only short scrawl-like 
structures remained (Fig. 2.10C).  In regenerating RNAi animals, by contrast, we 
observed misorientation of the branches in the head and dramatic coiling of proximal 
tubules into tight balls in the tail region (Fig. 2.8A).  Time course experiments provided 
insights into the ontogeny of these seemingly disparate phenotypes.  In intact animals, the 
collapse of proximal arborizations correlated with the loss of flame cells (see below).  In 
regenerating animals, the misdirected branch extension phenotypes appeared to develop 
in two phases.  Until regeneration day 6, EGFR-5(RNAi) animals displayed markedly 
reduced branching and branch extension in comparison to control animals (Fig. 2.8B, 
4A).  In order to generate the striking coils in tails or disorganized branch patterns in 
heads of 14-day regenerates (Fig. 2.8A), a burst of misguided proximal branch extension 
must consequently occur between day 6 and 14.  The reason for the distinct outcomes in 
heads versus tails involves differential RNAi-sensitivities: Both misguided branch 
extension and coil formation were part of a phenotypic series, but for unknown reasons, 
tail tissues responded more strongly to a given dose of RNAi than head tissues (Fig. 
2.12A-C).  This effect may also contribute to edema formation preferentially in tails of 
EGFR-5(RNAi) animals (Fig.  2.6A).  Moreover, we noticed that the switch in branch 
extension capabilities around regeneration day 6 coincided with lessening knockdown 
efficiency of EGFR-5 (Fig. 2.9C).  The misdirected branch extension between day 6 and 
14 therefore likely involved inappropriate levels or timing of EGFR-5 expression, 
whereas the early inhibition of branch extension correlated with low EGFR-5 receptor 
levels.  Similarly, the collapse and shortening of proximal branches observed in 




Figure 2.12. Differential RNAi effects in regenerating fragments.  A: Representative 
examples out of a batch of EGFR-5(RNAi) animals 14 days after amputation, showing the 
4 indicated classes of branching phenotypes.  inx10 in situ hybridization was used to 
visualize proximal branching.  “Defective branching” was defined by abnormal 
thickening of branches or projections away from the head margin, blastemas displaying at 
least one extended branch were scored as “minimal branching”.  Scale bar: 100 m.  B, 
C: Color-coded population frequency of the above phenotypic categories in 14-day 
regenerates exposed to 4 different RNAi-dosage regimes.  In order to dilute the RNAi-
dosage, EGFR-5 dsRNA expressing bacteria were diluted with bacteria expressing an 
irrelevant control dsRNA, such that the absolute amount of dsRNA was constant in all 
cases.  “4x” corresponded to the standard RNAi-dosage used throughout this manuscript, 
“1x” is ¼ thereof.  The number of animals in the cohort is listed below each bar.  Head 
and tail blastemas were scored separately and the results are graphed in B and C, 
respectively.  D, E: Morphological phenotype assessment of the two RNAi dosage 
regimes used in Fig.  6C.  The population frequencies of the phenotypic categories as 
defined and color-coded above were scored in the batch of 14-day regenerates used for 
the flame cell count.  The number of animals in each cohort is listed below the bar.  Head 










of EGFR-5 (Fig. 2.10A).  Hence, a shared feature between intact and regeneration 
phenotypes is, therefore, a requirement for EGFR-5 in causing and maintaining branch 
extension.   
 Second, RNAi-mediated knockdown of Smed-EGFR-5 caused a loss of flame 
cells, the cell type at the tip of protonephridial branches.  These cells are thought to 
represent the entry point of interstitial fluid into the protonephridial system by means of 
ultrafiltration, analogous to the role of the glomerulus in the human kidney (Pedersen, 
1961).  Hence, the dramatic edema formation in EGFR-5(RNAi) animals likely results 
primarily from a loss of flame cells, rather than the altered branching morphology of 
protonephridia.  In intact animals, the number of flame cells per proximal unit declined 
rapidly in response to EGFR-5(RNAi) from 14-15/unit at the onset of RNAi-feeding to 
only 2/unit at the lysis-stage (Fig. 2.10B).  In regenerating animals, we could also 
measure an RNAi-dose-dependent decrease of flame cells/proximal unit 14 days post 
amputation (Fig. 2.9C).  These data establish a definite role of EGFR-5 in maintaining 
flame cells (and possibly the adjacent proximal branches).  Whether EGFR-5 is also 
required for flame cell differentiation during regeneration and/or homeostasis is currently 
difficult to ascertain.  Flame cell marker expression was detectable early on in 
regenerating EGFR-5(RNAi) animals (Fig. 2.8B), but the tools to determine whether their 
numbers are normal and whether or not the differentiation process might be affected are 
presently lacking.  Moreover, the seemingly regeneration-induced decrease in EGFR-5 
RNAi-efficiency (Fig. 2.8C) represents a second experimental obstacle for addressing 




 Regardless of the specific role of EGFR-5 in flame cells, the strong correlation 
between flame cell phenotypes and proximal branching morphology remains an 
important observation.  In intact animals, we observed a gradual collapse of arborizations 
concomitantly with the loss of flame cells.  In regenerating animals, the severity of the 
branching defects at day 14 post amputation correlated with the number of flame cells 
(Fig. 2.9C; Fig. 2.12D,E).  Hence, a mechanistic link between flame cells and the 
establishment and maintenance of proximal branching patterns seems likely.   
 Interestingly, branching morphogenesis generally depends on specialized cells at 
the tubule tips (Lu and Werb, 2008).  Tip cells specified by and responding to FGF-
signaling guide the extension and morphogenesis of Drosophila tracheal tubules 
(Ghabrial and Krasnow, 2006). Vertebrate kidney development relies on tip cells 
specified via differential RET-Receptor signaling to guide branch outgrowth from the 
ureteric bud (Chi et al., 2009), and vertebrate blood vessel development represents yet 
another example in which migratory tip cells act as “motor” for elongation and 
positioning of a tubular network (Hellstrom et al., 2007; Siekmann and Lawson, 2007).  
By analogy and in light of our data, flame cells may act as tip cells in protonephridia 
morphogenesis, besides their roles in organ physiology.  Further, EGFR-5 may carry out 
the widespread requirement for RTK-signaling in specifying and guiding the “tip motor” 
(Andrew and Ewald).  The collapse of proximal arborizations concomitant with the loss 
of flame cells in intact EGFR-5(RNAi) animals (Fig. 2.11) indicates a persisting tip cell 
function, which may reflect the anchoring of tubule ends to the muscular layer via the 





Altogether, the branching morphogenesis of planarian protonephridia revealed by 
our studies represents fascinating examples of biological pattern formation on several 
levels (Fig. 2.1A,B).  First, individual protonephridial units tile in a nonoverlapping 
manner.  Second, within units, branches extend in a spatially efficient manner.  Third, 
proximal units contain a remarkably consistent number of 14.55 +/- 0.65 flame cells, 
amounting to 14 or 15 flame cells/proximal unit in caudal regions.  The mechanistic basis 
of these patterns, in particular the hypothesis that limiting quantities of an EGFR-5 ligand 
may be involved, represents an interesting area for future exploration.  Further, the 
striking food supply-dependent variations in planarian body size raise questions regarding 
the scaling of protonephridial capacity with animal size.  The animals used in this study 
ranged between 0.8 and 2.5 mm in length, hence it appears likely that the number of 14 or 
15 flame cells/unit remains constant irrespective of animal size.  The consequence of 
capacity adjustments via the addition or removal of entire protonephridial units seems 
also in agreement with the mechanism of protonephridial regeneration in forming tissues. 
 Our data strongly suggest that protonephridia regenerate de novo, rather than by 
growth and extension from preexisting units.  A proximal marker expressing structure, 
which we called the proto-tubule, appears to initiate organ regeneration.  The rod-shaped 
proto-tubule emerged at around hour 36 embedded within the blastema (Fig. 2.4A).  
Besides the fact that we could not detect connections to preexisting protonephridia, the 
remarkable consistency in timing of appearance, position, size, and symmetry between 
right and left blastema halves strongly suggests de novo formation of the proto-tubule.  
We cannot exclude a contribution of preexisting protonephridia to the final organ 




branches near the blastema boundary.  However, the temporal snapshots of our time 
course experiments suggest that the majority of protonephridia in the new tissue originate 
from the morphogenetic remodeling of the proto-tubule.  One interesting aspect of this 
remodeling is the invariable bisection of the proto-tubule by distal marker expressing 
cells on day 3 (Fig. 2.4A), which likely represents the ontogenetic cause for the 
convergence of two proximal units into one distal unit (Fig. 2.3).  Besides the 
mechanisms driving branching and branch extension, the origin of the proto-tubule raises 
further fascinating problems.  In analogy with epithelial tube formation in other systems 
(Lubarsky and Krasnow, 2003), both invagination from the overlying epithelium or 
condensation of blastema cells are plausible mechanisms.  The intermittent ciliation 
within 48-hour proto-tubules (Fig. 2.6E) might indicate a focal mode of lumen formation 
typical of solid precursor structures (Dong et al., 2009).  Moreover, a study in the 
polyclad flatworm species Imogine mcgrathi suggests embryonic protonephridia 
formation from mesodermal cells (Younossi-Hartenstein and Hartenstein, 2000), which is 
why we currently tend to favor a condensation mechanism.  The relatively poor 
preservation of cell boundaries by our in situ hybridization protocol is one of the current 
obstacles in further addressing the cell biology of such a fascinating example of non-
embryonic organogenesis. 
Altogether, our ultrastructural, molecular, and functional dissection of planarian 
protonephridia define a novel experimental paradigm for studying both the various 
processes involved in the assembly, morphogenesis, and maintenance of an epithelial 
organ, as well as its evolution.  The cellular complexity of the planarian protonephridia 




studies from other molecularly tractable, yet highly derived excretory systems (e.g., the 
single excretory cell of C. elegans, or the uncoupling between ultrafiltration and 
absorption/secretion in the Malpighian tubules of Drosophila), but also may help 
elucidate the functional and evolutionary relationships defining invertebrate and 
vertebrate excretory systems. 
 
Materials and Methods 
Planarian Maintenance  
The CIW4 clonal line of Schmidtea mediterranea was maintained as described 
(Cebria and Newmark, 2005).  1-week starved animals were used for all experiments.   
 
Gene Identification and Cloning 
All genes were cloned from an 8-day regeneration time course cDNA library 
prepared as described previously (Gurley et al., 2008).  EGFR-5 was identified by 
performing BLAST analyses of the planarian genome against a panel of vertebrate and 
invertebrate EGFR-sequences followed by reverse BLAST of the resulting hits against 
the human and Drosophila melanogaster genomes to ensure EGFR-homology.  The 












The 3’-end of the EGFR-5 sequence, which was exclusively used for the sequence 
analysis purposes of Supp.  Fig.  2, was cloned with 
EGFR-5f-2: TCTTTTACGGAATTGAG and a poly-T reverse primer. 
 
In situ Hybridization and Immunohistochemistry  
Whole-mount and fluorescent in situ hybridizations were performed as previously 
described (Pearson et al., 2009).  Following fluorescent or NBT/BCIP development, 
animals were incubated with anti--Tubulin antibody (1:300, NeoMarkers) or anti-
acetylated-Tubulin antibody (1:500, Sigma) to detect ciliated sections of protonephridia.  
Primary antibodies were detected with alexa-fluor-labelled anti-Mouse secondary 
antibodies (1:500; Invitrogen).  For documenting NBT/BCIP developed whole-mount in 
situ specimens, animals were mounted in 80% glycerol and photographed using a Zeiss 
SteREO Lumar.V12 equipped with an AxioCam HRc.  Whole-mount specimens stained 
with fluorescent markers were mounted in 2:1 Benzyl benzoate:Benzyl alcohol after 
dehydration in methanol and imaged on a Zeiss LSM510-Live Laser Scanning 
Microscope.  Flame cell quantifications were carried out independently by two observers.  
For sectioning, fluorescently stained whole-mounted animals were dehydrated in a 
graded series of ethanol, incubated for ~2 hours in 1:1 ethanol:Immuno-bed (Poly-
sciences), and subsequently immersed in 100% Immuno-bed supplemented with catalyst 




Microtome equipped with a glass knife.  Sections were mounted in Fluoromount-G 
(SouthernBiotech) and photographed using a Zeiss LSM510-Live Laser Scanning 
Microscope.   
 
Histology 
Specimens were prepared as following: 1) animals were fixed overnight at 4oC in 
2.5% glutaraldehyde in 0.1M sodium cacodylate, 1mM CaCl2; 2) animals were washed in 
wash buffer of 0.1M sodium cacodylate (supplemented with 1mM CaCl2 and 1% w/v) for 
1 hour at room temperature (3-4 exchanges) and in distilled water for 1 hour at room 
temperature (3-4 exchanges); 3) specimens were dehydrated in acetone 30% (20 
minutes), 50% (20 minutes), 70% (overnight), 90% (20 minutes, 2 times), and 100% (20 
minutes, 3 times); 4) specimens were embedded in epon-araldite (30% resin/acetone for 5 
hours, 70% resin/acetone for 6 hours, 90% resin/acetone overnight, and fresh 100% resin 
for 8 hours, curing at 60ºC for 2 days); and 5) thin sections (1 µm) were collected using 
an Ultracut UCT microtome (Leica), stained with Toluidine Blue, mounted in Cytoseal 
XYL (Richard-Allan Scientific), and photographed using a Zeiss Axiovert microscope.   
 
Electron Microscopy 
Specimens were prepared for electron microscopy using high pressure 
freezing/freeze substitution, as previously described (Pellettieri, Fitzgerald et al.  2010).  
Ultra-thin 50 nm sections were collected using an Ultracut UCT microtome (Leica).   
TEM specimens were stained with 2.5% uranyl acetate for 4 minutes prior to imaging on 





RNAi feedings were performed as described previously (Gurley et al., 2008; Rink 
et al., 2009).  6 feedings 2-3 days apart were used in the unsuccessful attempt to elicit 
DNAH-β3(RNAi) and CAVII-1(RNAi) phenotypes.  For inx10(RNAi) and EGFR-5(RNAi) 
experiments, animals were fed 3 times every 2–3 days.  For regeneration time series 
experiments, animals were amputated 3 days after the last feeding.  For Fig. 5C and 
Supp. Fig. 5D,E, RNAi-fed animals were additionally injected with EGFR-5 dsRNA, 200 
ng/ul, 3 days after amputation.  dsRNA was prepared with a Megascript RNAi-kit 
(Ambion).   
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Cystic kidney diseases (CKDs) are the most commonly inherited causes of kidney 
failure that affect millions of people worldwide.  The defining features of the pathology are 
fluid-filled cysts developing from nephric tubules due to defective flow sensing, cell 
proliferation, and differentiation.  The underlying molecular mechanisms remain poorly 
understood.  Compounding this problem is that the simplified excretory systems of C. 
elegans and D. melanogaster cannot recapitulate disease ontology.  We report here a 
systematic characterization of the protonephridial excretory system of planarians.  Our 
extensive structure/function comparisons with the vertebrate nephrons reveal that planarian 
protonephridia retain the combination of ultrafiltration and flow-associated filtrate 
modification that is a central element in the ontology of CKDs.  Consistently, the inhibition 
of tubule flow led to cystic enlargements of proximal tubules that share many features with 
vertebrate CKDs, including lumen occlusions and the overproliferation of protonephridial 
progenitors.  The recapitulation of the phenotype by RNAi-mediated knockdown of 
orthologues of human CDK genes demonstrated deep mechanistic conservation of cyst 
ontogeny.  Altogether, our results therefore establish a uniquely accessible invertebrate 
model system for the elucidation of human kidney pathologies. 
 
Introduction 
The vertebrate kidney plays a pivotal role in the maintenance of organismal 
homeostasis in face of changing external and internal conditions.  Its myriad individual 
functions, including the removal of metabolic waste products, regulation of ion 




the pressure-driven ultrafiltration of blood plasma across the glomerulus, whereby 
molecular sieves prevent the passage of large macromolecules (e.g., plasma proteins); and 
second, the subsequent modification of the resulting filtrate during its passage through the 
epithelial nephron tube (Ruppert, 1994; Ruppert and Smith, 1988).  The parallel operation 
of many millions of glomerulus/nephron units allows formidable filtration rates, amounting 
to 170 liters of primary filtrate/day in a healthy human adult.  In line with the pivotal 
homeostatic roles of the kidney, kidney diseases pose a serious health problem.  The most 
common human kidney disorders are cystic kidney diseases (CKDs), affecting 12 million 
people worldwide (Priolo and Henske, 2013).  CKDs refer to a wide range of hereditary, 
developmental, and acquired conditions (Bisceglia et al., 2006) that all share the 
pathological hallmark of fluid-filled cysts developing in the kidney.  This has led to the 
suggestion that the molecular mechanisms causing cyst formation are similar or, at least, 
share a common pathway (Watnick and Germino, 2003).  The molecular cloning of 
multiple CKD mutations and the realization that the affected genes all function at the 
primary cilia, basal bodies, or centrosomes has given rise to the ciliary hypothesis as 
unifying disease mechanism of CKDs (Fliegauf et al., 2006; Mollet et al., 2005; Yoder et 
al., 2002).  Accordingly, the primary cilia of tubule cells are thought to act as flow sensors, 
eliciting intracellular calcium fluxes through stretch sensitive polycystin channels in 
response to flow-driven bending (Nauli et al., 2003; Praetorius et al., 2004; Praetorius and 
Spring, 2001, 2003).  These signals are thought to constitutively dampen cell proliferation, 
such that loss of filtrate flow or interruptions in the signal transduction process precipitate 
chronic overproliferation and consequent cyst formation (Deane and Ricardo, 2012).  




understood, including the integration of the calcium signal with downstream transcriptional 
regulation of cell behavior (Deane and Ricardo, 2012; Kotsis et al., 2013; Uhlenhaut and 
Treier, 2008; Wilson and Goilav, 2007), the extent by which cyst development can be 
understood as chronic activity of endogenous repair mechanisms (Deane and Ricardo, 
2012) or identity and origins of the ectopically overproliferating cells (Lodi et al., 2012; 
Murer et al., 2002; Weimbs, 2007).  Further, these questions present an investigative 
challenge, given the poor experimental accessibility of the kidney as an internal and 
essential organ.  The Xenopus pronephros and zebrafish pro- and metanephric kidneys are 
therefore increasingly explored as model systems for human kidney disease (Igarashi, 
2005).  Compounding this problem is that the power of invertebrate models in solving 
fundamental cell biological processes could so far not be applied to the analysis of human 
kidney disease (Dow and Romero, 2010; Igarashi, 2005).  Both C. elegans and D. 
melanogaster have highly derived excretory organs in which ultrafiltration is either entirely 
lacking (C. elegans; (Buechner, 2002)) or uncoupled from reabsorption/secretion (D. 
melanogaster; (Dow and Romero, 2010)).  Furthermore, the excretory cells of both 
organisms are lacking cilia as a further requirement for modeling CKDs.  However, C.  
elegans or Drosophila are but two of myriad invertebrate species and multiple studies have 
documented the existence of more complex excretory systems outside the Ecdysozoa 
(Ruppert and Smith, 1988).  One such example is the excretory system of planarian 
flatworms.  We and others have previously reported on intriguing similarities between 
planarian protonephridia and the vertebrate nephron (Rink et al., 2011; Scimone et al., 
2011).  Here, we carried out a systematic structure function comparison to systematically 




diseases.  Our results demonstrate the structural coupling of cilia-driven ultrafiltration and 
filtrate modification in planarian protonephridia, as well as extensive topological 
homology of solute carrier expression domains with the vertebrate nephron.  These 
structure/function homologies extend to common pathologies, including shared 
requirements of nephrin in the maintenance of the ultrafiltration barrier or of nephrocystins 
in preventing the development of tubular cysts.  Our results therefore establish planarian 




Protonephridia Are Ultrafiltration Devices in Planarian 
The planarian excretory system consists of branched epithelial tubules 
(protonephridia) distributed throughout the entire body plan (Fig. 3.1a) (Rink et al., 2011).  
The barrel-shaped flame cells capping the proximal tubule ends have been proposed to act 
as unicellular ultrafiltration devices solely on the basis of morphological evidence (Fig. 
3.1b) (Wilhelmi, 1906; Wilson and Webster, 1974).  To functionally test this premise, we 
adapted an assay previously used to demonstrate the ultrafiltration capacity of Drosophila 
nephrocytes (Weavers et al., 2009; Zhuang et al., 2009).  We co-injected two inert and 
differentially labeled tracer molecules of different sizes into the anterior planarian 
mesenchyme (10 kDa and 500 kDa molecular weight dextrans).  Already at 2-hour post 
injection, we found robust tracer accumulation in protonephridia throughout the body, 
confirming their active role in extracellular fluid processing.  Interestingly, only the small 




Figure 3.1. Protonephridia are ultrafiltration devices in planarians.  a, Whole-mount 
AcTub staining.  Scale bars: 500 m.  Inset showing depth-coded projection of AcTub 
staining.  Superficial structures are in blue and deeper structures are in red.  Scale bars: 50 
m.  b, Cross section through a flame cell.  Inset showing a high magnification of filtration 
diaphragm.  Scale bar: 1 m.  c-d, Ultrafiltration assay assessing ultrafiltration capacity in 
the planarian protonephridia.  (c) Fluorescent overlay showing dextran uptake in the 
animals that co-injected with 10 kDa and 500 kDa fluorescently labeled dextran.  Inset 
showing a high magnification of tubule structure labeled by dextran.  Scale bar: 100 m.  











the large dextran displayed weak and patchy labeling (Fig. 3.1c-d).  Since the two tracer 
molecules in the injection mix carried equal numbers of fluorophores, the preferential 
accumulation of the small over the large dextran demonstrates molecular size filtration 
upon entry into the protonephridial system.  Therefore, like the vertebrate nephron, the 
planarian protonephridia combine ultrafiltration with filtrate modification in the same 
structure. 
 
Unexpected Complexity of Protonephridial Tubules 
We next sought to investigate the filtrate modification capacities of the planarian 
protonephridial system.  In the vertebrate nephron, the expression of a large number of 
solute carrier (slc) transporters recovers essential molecules from the primary filtrate or 
secretes waste products into the tubule lumen (Landowski, 2008; Raciti et al., 2008).  The 
known substrate specificity of slc families together with their restricted expression in 
specific nephron segments establishes a structure/function topology of filtrate modification 
processes along the nephron.  Towards the dual goal of identifying and mapping solute 
modification processes in planarian protonephridia, we set out to identify, clone, and 
expression-map all solute carriers in the planarian genome.  A systematic sequence 
homology search of the planarian Schmidtea mediterranea (S. mediterranea) genome 
identified 318 slc genes.  Reciprocal BLAST analysis and sequence alignments revealed 
that S.  mediterranea slcs represent 43 slc families (Fig. 3.2, Appendix A).  Expression 
patterns of all slc genes were analyzed by in situ hybridization in intact asexual planarians.  
We obtained expression patterns of 287 genes in various tissues (Fig. 3.3) and thereof, 49 




Figure 3.2. Solute carrier gene families in the planarian Schmidtea mediterranea.  a, 
slc gene families in planarian.  b-v, Schematic representation of the seven major 
phylogenetic clusters, the -, -, -, -groups of slcs (panel g, h, c, b, respectively); the 
Tim barrel-, IT-, Drug/Metabolite transporter clans of slcs (panel d, e, f, respectively), and 
selected slc families, including slc1a (i), slc5a (j), slc22a (k), slc6a (l), slc4a (m), slc7a (n), 
slc12 (o), slc15 (p), slc20 (q), slc23 (r), slc26 (s), slc28 (t), slc30 (u), and slc42 (v).  



























































Figure 3.3. Expression patterns of slc genes in an asexual strain of the planarian 
Schmidtea mediterranea.  Whole-mount expression patterns of slc genes by in situ 
































































The expression of such a large fraction of slc genes in protonephridial tubules already 
indicated a rich potential for solute modifications. 
Towards our goal of establishing a comprehensive structure-function map of 
protonephridia, we next mapped the expression domain of each protonephridial slc relative 
to two previously characterized markers (Fig. 3.4a, top; Appendix B): 1) acetylated tubulin 
(AcTub) antibody staining, which marks flame cells and the adjoining proximal tubule 
(PT) segment; 2) Smed-CAVII-1, which is expressed in the adjacent distal tubule (DT) 
segment (Rink et al., 2011).  Markers for the domains distal to CAVII-1 expression were 
not available at the beginning of this study.  Fluorescent in situ hybridization (FISH) 
mapping of putative protonephridial slc genes against the two markers and general tubule 
anatomy (e.g., branched versus coiled PT segments) revealed a significantly greater 
complexity of protonephridial cell types than previously appreciated (Fig. 3.4a; Fig. 3.5-
3.11).  slc expression domains define at least three subdomains within the PT (PT1, PT2, 
and PT3; Fig. 3.4a-d) and the nonoverlapping expression of representative slc genes in 3-
color FISH experiments demonstrates the significance of the inferred PT subdivisions (Fig. 
3.5-3.8).  Similarly, we found that slc expression domains divide the DT into 2 subdomains 
(DT1 and DT2; Fig. 3.4a, d-f; Fig. 3.9f).  Interestingly, the slc12a-4 expression domain 
extended beyond CAVII-1 expression, where it was co-expressed with further 14 slc genes, 
including Smed-slc24a-3 (Fig. 3.4a, g, (Scimone et al., 2011)).  Together, these 14 slc genes 
therefore define the so-far unknown continuation of protonephridia beyond CAVII-1 
expression domain, which for reasons detailed below we refer to as “Collecting Duct” 
(CD).  Interestingly, CD marker expressing segments were exclusively located close to the 




dorsal epithelium (Wilhelmi, 1906).  Consistently, sagittal sections revealed occasional CD 
segments crossing the basal lamina and appearing to terminate in the single-layered outer 
epithelium (e.g., Smed-slc12a-1, Fig. 3.4h).  To further confirm this finding, we performed 
electron microscopy (EM) on serial thin sections and succeeded in visualizing multiple 
examples of ducts connecting into the dorsal epithelium and opening directly to the exterior 
(Fig. 3.4i, Supplementary movie 1).  The presence of mitochondria and numerous small 
vesicles are ultrastructural characteristics of this region, similar to that of type B 
intercalated cells in the vertebrate CD. 
Thus, our results for the first time trace the complete course of protonephridial 
tubules from the ultrafiltrating flame cells as proximal entry point to their terminus in the 
dorsal epithelium.  Further, our systematic mapping of expression domains of slc genes 
defined 6 molecularly distinct segments along the proximal-distal axis of protonephridia.   
 
Extensive Functional Homology between Planarian Protonephridia 
and Vertebrate Nephrons 
We next took advantage of our expression data and the known transport activities 
of slc families to infer possible functional specializations of the 6 protonephridial segments.  
Clustering a subset of slc genes with known substrate specificity by substrate class and site 
of expression revealed a striking segregation of similar transport activities into similar 
regions of the protonephridial tubule, thus demonstrating the functional specialization of 
different segments (Fig. 3.4j, top).  Because this subset of slc genes was intentionally 
chosen due to its known representation for transport activities of specific segments of the 




Figure 3.4. Extensive structural and functional homology between protonephridia 
and nephrons.  a, Cartoon showing previous segmentation model of protonephridial 
tubule and expression map of slc genes along protonephridial tubule.  b-g, Representative 
images showing expression domains of selected slc genes in (b) PT1, PT2, and PT3, (c) 
PT2 and PT3, (d) PT3, (e) DT1, DT2, and CD, (f) DT2 and CD and (g) CD.  Fluorescent 
overlay of indicated gene (red) with PT marker (AcTub) and DT marker (CAVII-1).  A 
color-coded scheme of protonephridial tubule at the end of each panel showing expression 
domain of indicated gene.  Images are maximum projections of confocal Z-sections.  Scale 
bars: 50 m.  h, Longitudinal-section through a worm showing dorsal-bias expression of 
slc12a-1.  Scale bars: 200 m.  i, TEM image showing CD connected to the dorsal epithelia.  
Inset showing a magnification of CD connected to the dorsal epithelia.  e, epithelia; bm, 
basement membrane; m, mesenchyme; sj, septate junction; l, lumen; ms, muscle.  Scale 
bars: 5 m.  j, Tables summarize expression domains of selected slc genes in planarian 
protonephridia and rodent metanephros.  Cartoons showing segmental organization of 
planarian protonephridia and rodent metanephros are on the left.  Gray color in the tables 
indicates expression domain of slc in planarian protonephridia and rodent metanephros.  
Planarian slc sequence nomenclature (e.g., slc1a-3) does not reflect direct orthology to the 
mammalian counterparts.  Abbreviations for segments of protonephridia are as follows: 
PT1, PT2, and PT3, segments of proximal tubule; DT1 and DT2, segments of distal tubule; 
CD, collecting duct.  Abbreviations for segments of metanephros are as follows: S1, S2, 
and S3, segments of proximal tubule; DTL, descending thin limb; ATL, ascending thin 
limb; TAL, thick ascending limb; DCT, distal convoluted tubules; CNT, connecting tubule; 
CD, collecting duct.  k, Fluorescent overlay of reabsorbed dextran with proximal tubule 












Figure 3.5. Expression of slc genes in the proximal tubule.  Fluorescent overlay of 
indicated gene (in red) with PT2 and PT3 marker (slc6a-13), DT marker (CAVII-1), and 
AcTub staining.  Images are maximum projections of confocal Z-sections.  Scale bars: 50 
m.  A color-coded scheme of protonephridial tubule at the end of each panel showing 












Figure 3.6. Expression of slc genes in the PT1 segment of the proximal tubule.  a, 
Fluorescent overlay of indicated gene (in red) with PT1 and PT2 marker (CUBN1), PT2 
and PT3 marker (slc6a-13), and AcTub staining.  b, Fluorescent overlay of indicated gene 
(in red) with PT2 and PT3 marker (slc6a-13), DT marker (CAVII-1), and AcTub staining.  
Images are maximum projections of confocal Z-sections.  Scale bars: 50 m.  A color-
coded scheme of protonephridial tubule at the end of each panel showing expression 












Figure 3.7. Expression of slc genes in PT2 and PT3 segments of the proximal tubule.  
Fluorescent overlay of indicated gene (in red) with PT2 and PT3 marker (slc6a-13), DT 
marker (CAVII-1), and AcTub staining.  Images are maximum projections of confocal Z-
sections.  Scale bars: 50 m.  A color-coded scheme of protonephridial tubule at the end 











Figure 3.8. Expression of slc genes in the PT3 segment of the proximal tubule.  
Fluorescent overlay of indicated gene (in red) with PT2 and PT3 marker (slc6a-13), DT 
marker (CAVII-1), and AcTub staining.  Images are maximum projections of confocal Z-
sections.  Scale bars: 50 m.  A color-coded scheme of protonephridial tubule at the end 











Figure 3.9. Expression of slc genes in the distal tubule.  Fluorescent overlay of indicated 
gene (in red) with PT marker (slc6a-13 or CUBN1), DT marker (CAVII-1), or CD marker 
(slc12a-1 or slc24a-3) together with AcTub staining.  Images are maximum projections of 
confocal Z-sections.  Scale bars: 50 m.  A color-coded scheme of protonephridial tubule 











Figure 3.10. Expression of slc genes in the collecting duct.  Fluorescent overlay of 
indicated gene (in red) with PT2 and PT3 marker (slc6a-13), DT marker (CAVII-1), or CD 
marker (slc24a-9) together with AcTub staining.  Images are maximum projections of 
confocal Z-sections.  Scale bars: 50 m.  A color-coded scheme of protonephridial tubule 













































Figure 3.11. Expression of slc genes that weakly express in both proximal and distal 
tubules.  Fluorescent overlay of indicated gene (in red) with PT2 and PT3 marker (slc6a-
13), DT marker (CAVII-1), and AcTub staining.  Images are maximum projections of 
confocal Z-sections.  Scale bars: 50 m.  A color-coded scheme of protonephridial tubule 











comparisons with the nephron.  Constructing a similar map of slc expression in the rodent 
metanephros based on published data (Fig. 3.4j, bottom; Appendix C) revealed a striking 
parallel: Not only is the sequence of slc family expression very similar along the filtrate 
flow axis, but almost all nephron segments have clearly identifiable homologous segments 
in protonephridia.  In vertebrates, the PT is responsible for reabsorption of more than 70% 
of filtered solutes from the primary urine, including inorganic/organic ions and vital 
nutrients (glucose, amino acids, and vitamins).  The homologous slc expression of 
planarian PT1-3 and the preferential labeling of PT1-2 by injected dextran (Fig. 3.4k) 
provide strong evidence that the proximal protonephridial segments are likewise primarily 
responsible for the recovery of filtered substances.  The DT plays an important role in acid-
base homeostasis by reabsorbing bicarbonates and secreting protons into the urine 
(Carraro-Lacroix and Malnic, 2010).  The corresponding expression of bicarbonate (e.g., 
Smed-slc4a-6, Fig. 3.9) or proton transporters (e.g., Na+/H+ exchanger Smed-slc9a-3, Fig. 
3.4e) in DT1 and DT2 suggests a similar function of these protonephridial segments.  
Consistently, the RNAi-mediated knockdown of slc4a-6 caused a measurable acidification 
of the intercellular milieu (Fig. 3.4l), thus demonstrating functionally the conserved role of 
DT1-2 in planarian pH homeostasis.  Finally, the vertebrate collecting duct (CD) comprises 
distinct cortical and medullary segments and mediates the bulk of water recovery/urine 
concentration (Nielsen et al., 2002).  The shared expression of the bicarbonate transporter 
Smed-slc4a-7 and the ammonia transporter Smed-slc42a-2 in the terminal segment (Fig. 
3.4j) support a basal homology between the CD and the corresponding protonephridial 
segment, which is why we likewise adapt the vertebrate nomenclature.  However, the large 




aquaporin expression (not shown) suggest divergent functions.  The only nephron segment 
for which our analysis did not identify a protonephridial homologue was the intermediate 
tubule (IT).  In terrestrial vertebrates, IT and CD have tightly linked functions in water 
conservation, whereby urea secretion by the IT establishes high extracellular solute 
concentrations that aid in water reabsorption from the CD (Pannabecker, 2012).  As 
freshwater animals, planarian protonephridia have to clear, rather than conserve water, 
providing a compelling rationale for why specifically IT and CD are divergent.  Such 
functional diversity of IT/CD segments is also observed in the pronephric kidneys of 
freshwater vertebrates, such as zebrafish (Wingert and Davidson, 2008).  Together, our 
analysis reveals a striking structural and functional homology between vertebrate nephron 
and planarian protonephridia.   
 
Recapitulation of Podocyte Slit-Diaphragm Pathologies in Flame 
Cells  
We next asked whether the homologies between the nephrons and protonephridia 
extend to common pathologies.  The striking structural similarities between the 
ultrafiltration sites in the two systems, podocyte foot processes (Pavenstadt et al., 2003) 
and flame cell filtration barriers (Fig. 3.1b), could reflect a requirement for common 
components.  In humans, mutations in the large IgG-repeat transmembrane proteins NPHS1 
and NEPH1 cause slit diaphragm loss and foot process effacement, resulting in proteinuria 
and edema (Donoviel et al., 2001; Kestila et al., 1998).  Systematic sequence homology 
searches of the S. mediterranea genome identified 7 NPHS1 homologs and 3 NEPH 




Figure 3.12. Slit-diaphragm components in the planarian Schmidtea mediterranea. a, 
Cartoon showing the glomerular filtration barrier. Top: A schematic view of the podocyte. 
The podocyte wraps around the capillary wall on the outer surface of the glomerular 
basement membrane with its extended interdigitating foot processes. Podocyte foot 
processes are then bridged by a slit diaphragm. Middle: A close-up view of the glomerular 
filtration barrier consisting of three components: porous endothelium, glomerular basement 
membrane, and podocyte foot processes with the interposed slit diaphragm. The endothelial 
pores are not bridged by a diaphragm. Bottom: Schematic drawing of the molecular 
equipment of a slit diaphragm. NPHS1 undergoes homophilic interaction on neighboring 
podocyte foot processes. The intercellular junction also contains the adhesion molecule 
NEPH-1. b, Homology analysis of the planarian homologs of NPHS1 and NEPH. Domains 
predicted by SMART for planarian and human proteins. Best reciprocal BLAST hits in 
human, C. elegans, and fly refseq protein database. c, Whole-mount expression patterns of 










in flame cells (Fig. 3.13a-b) and RNAi of both genes produced strong bloating and partial 
clearing of body pigmentation (Fig. 3.13c).  Both phenotypes have previously been 
identified as characteristic hallmarks of tissue edema (Rink et al., 2011), thus providing a 
strong indication that the genes are required for the function of the planarian excretory 
system.  Since flame cell numbers appeared normal in both intact and regenerating animals 
(Fig. 3.14), we examined the ultrastructure of the filtration diaphragm in NPHS1-6 and 
NEPH-3(RNAi) planarians.  Wild-type flame cells display slit-shaped 35-40 nm wide 
fenestrae that form between 90-150nm wide foot processes (Fig. 3.1b and 3.13d).  Under 
knockdown of either NPHS1-6 or NEPH-3, the filtration diaphragm was completely absent 
and the foot processes underwent apparent effacement in both intact (Fig. 3.13d, 
Supplementary movies 2-3) and regenerating animals (Fig. 3.15) animals.  Our dextran 
injection assay confirmed the loss of ultrafiltration capability in NPHS1-6(RNAi) 
planarians, which displayed equal uptake of small and large molecular tracers in the 
proximal tubule (Fig. 3.13e-f).  Together, these data demonstrate that the functional 
homology between planarian flame cells and vertebrate podocytes extends to molecular 
components and thus common pathologies. 
 
Cyst Formation in Planarian Proximal Tubules 
Encouraged by these results, we extended our analysis of conserved pathologies to 
the protonephridial tubules.  The most common class of human inherited disorders 
affecting the nephron are the cystic kidney diseases (CKDs).  We assembled a small library 
of putative planarian orthologues of human CKD genes (Appendix D).  This list contained 




Figure 3.13. Vertebrate slit-diaphragm components are expressed in planarian flame 
cells and are required for the maintenance of their filtration diaphragm. a, Whole-
mount expression patterns of indicated marker genes by in situ hybridization (NBT/BCIP 
development). Scale bars: 500 m. b, Fluorescent overlay of indicated gene (red) with 
flame cell marker EGFR-5 and AcTub staining. Images are maximum projections of 
confocal Z-sections. Scale bars: 50 m. c, Live images showing edema in intact NPHS1-
6(RNAi) and NEPH-3(RNAi) animals. Scale bars: 500 m. d, TEM images showing cross 
section through a flame cell in intact Control(RNAi), NPHS1-6(RNAi) and NEPH-3(RNAi) 
animals. Inset showing a high magnification of filtration diaphragm. Scale bar: 1 m. e-f, 
Ultrafiltration assay assessing ultrafiltration capacity in NPHS1-6(RNAi) animals. (e) 
Representative images showing dextran uptake in the animals that co-injected with 10 kDa 
and 500 kDa fluorescently labeled dextran. Scale bar: 50 m. (f) Quantification of small 











Figure 3.14. NPHS1-6 is not required for flame cell viability during normal 
homeostasis as well as regeneration. a-b, Fluorescent overlay of flame cell markers 
(CXCRL and EGFR-5) with AcTub staining in intact (a) and regenerating (b) 
Control(RNAi) and NPHS1-6(RNAi). Images are maximum projections of confocal Z-










Figure 3.15. NPHS1-6 is required for de novo formation of filtration diaphragm 
during regeneneration. TEM images showing cross section through a flame cell in 
regenerating Control(RNAi) and NPHS1-6(RNAi) animals. Inset showing a high 











genetic causes of chronic renal failure in children and young adults (Hildebrandt and Otto, 
2000; Salomon et al., 2009).  The S. mediterranea genome harbors homologs to all 9 human 
NPHPs, except for NPHP2 and NPHP3 (Fig. 3.16).  RNAi-screening of the library revealed 
strong edema formation in Smed-NPHP5, Smed-NPHP6, and Smed-NPHP8 knockdown 
animals (Fig. 3.17a), suggestive of a protonephridial function of these genes.  Consistently, 
we detected severe structural alterations of protonephridial tubules in NPHP(RNAi) 
animals, particularly of the proximal segment.  Instead of the fine terminal ramifications 
of PTs in controls, RNAi animals presented with striking clump-like accumulations of 
proximal marker expressing cells (Fig. 3.17a-b, Supplementary movie 4-5).  High 
resolution imaging confirmed the presence of abnormally high numbers of densely packed 
proximal tubule cells (Fig. 3.18a).  The protonephridial lumen was severely disorganized 
within such aggregates (Fig. 3.17c).  Instead of strong and continuous luminal labeling 
throughout the coiled PT segments of controls, labeling was weak and fragmented.  The 
weak single-line labeling outside of aggregates (Fig. 3.17c) and the much weaker cilia 
staining (AcTub) in NPHP(RNAi) animals (Fig. 3.17a) suggested general lumen defects.  
EM images revealed frequent basal body mislocalizations to nonluminal membrane 
domains and cell intrusions into the lumen, which both indicate a loss of normal tubular 
cell polarity (Fig. 3.19).  Overall, the accumulation of morphologically abnormal tubule 
cells and concomitant loss of luminal connectivity present striking morphological parallels 
to the NPHP loss-of-function phenotype in humans, suggesting that planarian 





Figure 3.16. nephrocytins in the planarian Schmidtea mediterranea.  a, Homology 
analysis of planarian nephrocystins.  Domains predicted by SMART for planarian and 
human proteins.  Best reciprocal BLAST hits in human, C.  elegans, and fly refseq protein 
database.  b, Whole-mount expression patterns of genes encoding nephrocystins by in situ 










Figure 3.17. Downregulation of nephrocystin members leads to the formation of cyst-
like structure in protonephridia.  a, Protonephridial defects in NPHP5(RNAi), 
NPHP6(RNAi), and NPHP8(RNAi) animals.  Top panel: live images showing edema in 
intact RNAi animals.  Scale bars: 500 m; middle panel: monochrome showing AcTub 
staining; bottom panel: fluorescent overlay of AcTub staining with PT2 and PT3 marker 
(slc6a-13) and DT marker (slc6a-12).  Scale bars: 50 m.  b, 3D rendering images showing 
normal tubule and cystic-like tubule in Control(RNAi) and NPHP8(RNAi) animals, 
respectively.  3D rendering was performed in IMARIS.  Scale bars: 50 m.  c, Dilated 
lumen in enlarged protonephridial tubule.  Fluorescent overlay of PT2 and PT3 marker 
slc6a-13 and lumen marker in intact Control(RNAi) and NPHP8(RNAi) animals.  Scale 










Figure 3.18. Abnormal tubular enlargement in NPHP8(RNAi) animals.  a, Fluorescent 
overlay of lumen marker with PT2 and PT3 marker slc6a-13 and nuclei (DAPI) in 
Control(RNAi) and NPHP8(RNAi) animals.  Scale bars: 25 m.  a, Fluorescent overlay of 
PT marker (slc6a-13) and DT marker (CAVII-1) in intact Control(RNAi) and 
NPHP8(RNAi) animals.  Images are maximum projections of confocal Z-sections.  Scale 









Figure 3.19. Ultrastructure of the proximal tubule in NPHP(RNAi) animals.  TEM 
images showing cross section through a tubule of protonephridia in indicated RNAi 
animals.  Inset in red box showing abnormal localized basal body in indicated RNAi 
animals.  Inset in green box showing ultrastructure of cilia.  c, cilia; n, nucleus; bb, basal 










Protonephridial Cysts Originate from Direct Proliferation of 
Protonephridial Progenitors 
Sustained cell proliferation in the renal tubules is a hallmark of cystic kidneys in 
humans and the severity of the phenotype correlates with the ectopic proliferation level 
(Wilson and Goilav, 2007).  To obtain an indication of the involvement of cell proliferation 
in the formation of the tubule cell accumulations, we used BrdU pulse labeling (Fig. 3.20a).  
In controls, we found occasional cells double positive for BrdU and the protonephridial 
progenitor marker Smed-POU2/3 (Scimone et al., 2011) in the vicinity of tubules (Fig. 
3.20a; Fig. 3.21a), consistent with the emerging view that all planarian cell types derive 
from the proliferation of specific progenitor classes within the neoblast population (Adler 
et al., 2014; Cowles et al., 2013; Scimone et al., 2014; van Wolfswinkel et al., 2014).  In 
NPHP8(RNAi) animals, the number of  BrdU/POU2/3 double-positive cells in the vicinity 
of cell accumulations was strongly increased (Fig. 3.20a) and further in situ approaches 
confirmed the progressive accumulation of protonephridial progenitors (Fig. 3.21c-d).  To 
probe the magnitude of the overproliferation effect, we carried out whole-mount staining 
with the G2/M-phase marker phospho-Histone H3 (H3P) and found a global increase in 
cell proliferation in NPHP(RNAi) animals (Fig. 3.20b).  To ask whether these effects were 
specific to protonephridial progenitors or globally affected all progenitor classes, we 
quantified the relative fraction of proliferation in protonephridial- (POU2/3+/smedwi-
1+/H3P+), neuronal- (pax6A+/smedwi-1+/H3P+) (Scimone et al., 2014; Wenemoser et al., 
2012), and intestinal (HNF4+/smedwi-1+/H3P+) (Scimone et al., 2014; Wagner et al., 2011) 
progenitor classes (Fig. 3.22).  Whereas the fraction of proliferating protonephridial 




Figure 3.20. Cystogenesis in planarian protonephridia results from direct 
proliferation of protonephridia progenitors and requires the presence of stem cells.  
a, BrdU pulse-chase experiment showing the presence of diving protonephridial 
progenitors in the proximity of protonephridial tubule in Control(RNAi) and NPHP8(RNAi) 
animals.  Yellow arrowhead showing POU2/3+/BrdU+ cell.  Scale bars: 25 m.  b, 
Increased global proliferation in NPHP5(RNAi) and NPHP8(RNAi) animals displayed by 
immunostaining of mitotic marker H3P.  Scale bars: 500 m.  *, p<0.05; **, p<0.01; ***, 
p<0.001 versus control.  c-e, Quantification of (c) dividing protonephridial progenitors 
(POU2/3+/H3P+), (d) diving neuronal progenitors (pax6A+/H3P+), and (f) diving gut 
progenitors (HNF4+/H3P+) among diving cells (H3P+) in indicated RNAi animals at 18 
day after last RNAi introduction.  *, p<0.05 versus control.  f-j, Effect of proliferation and 
the requirement of neoblasts on cyst formation in the planarian protonephridia.  (f) 
Schematics showing experimental strategy for panel h-k.  7-day post RNAi feeding animals 
were either fed with liver to induce cell proliferation or subjected to sublethal or lethal 
doses of irradiation to reduce or eliminate neoblasts.  Scoring live phenotype as well as 
measuring the average size of each protonephridial unit was used to evaluate the severity 
of cystic phenotype.  Temporal succession of indicated phenotypes (left) and quantification 
of average area of each slc6a-13+/CAVII-1+ tubule (right) in Control(RNAi) and 
NPHP8(RNAi) animals under (g) basal condition (only RNAi feeding), (h) basal condition 
plus extra feeding with liver, (i) basal condition plus sublethal irradiation to reduce the 
number of neoblasts, and (j) basal condition plus lethal irradiation to completely eliminate 










Figure 3.21. Increase of protonephridial progenitors during cystogenesis in planarian 
protonephridia.  a, Left: Whole-mount expression patterns of POU2/3 by in situ 
hybridization.  Scale bars: 500 m.  Right: Fluorescent overlay of POU2/3 with DT marker 
(CAVII-1) and AcTub.  Scale bar: 50 m.  b, Left: Whole-mount expression patterns of 
six1/2-2 by in situ hybridization.  Scale bars: 500 m.  Right: Fluorescent overlay of six1/2-
2 with DT marker (CAVII-1) and AcTub.  Scale bar: 50 m.  c-d, Magnified view showing 
the region surrounding photoreceptor.  Fluorescent overlay of POU2/3 and six1/2-2 with 
pan stem cell marker Smedwi-1 and mitotic marker H3P.  Scale bar: 50 m.  e, Increase of 
S-phase protonephridial progenitors during cystogenesis in planarian protonephridia.  
Intact Control(RNAi) and NPHP8(RNAi) animals were pulsed with BrdU (1 hour), 
followed by 2-hour chase.  Fluorescent overlay of POU2/3 with BrdU showing the 
abnormal increase of POU2/3+/BrdU+ in the head region anterior to the photoreceptors.  










Figure 3.22. Gut and brain progenitors in NPHP8(RNAi) animals.  a-b, Left panel: 
whole-mount expression patterns of pax6A (a) and HNF4 (b) by in situ hybridization.  Scale 
bars: 500 m; Right panel: fluorescent overlay of (a) pax6A and (b) HNF4 with pan stem 
cell marker (Smedwi-1) and mitotic marker (H3P).  Scale bar: 50 m.  c, Magnified view 
showing the head region.  Fluorescent overlay of pax6A and HNF4 with pan stem cell 










change in the fraction of proliferating neuronal progenitors and even a slight decrease in 
intestinal progenitor proliferation (Fig. 3.20c-e).  The observation that all cases of ectopic 
BrdU-incorporation in the normally division-devoid area anterior to the photoreceptors 
were limited to POU2/3+ protonephridial progenitors (Fig. 3.21e) further supports the 
protonephridial specificity of the overproliferation response.  Altogether, these results 
demonstrated that loss of function of planarian NPHP genes selectively increased the 
proliferation of protonephridial progenitors.   
To test whether like in humans, the level of proliferation determined the severity of 
the phenotype, we made use of the facile manipulation of global cell proliferation levels in 
the planarian system (Fig. 3.20f, Fig. 3.23a).  Lethally or sublethally irradiated animals 
were used to examine the effects of abolished or reduced proliferation, respectively 
(Wagner et al., 2012), while animals on an increased feeding regiment provided an 
opportunity to examine the effects of above-baseline proliferation (Kang and Sanchez 
Alvarado, 2009).  We found that edema development in NPHP8(RNAi) animals was faster 
and more severe under the increased proliferation condition, yet significantly diminished 
or even abolished under reduced or no proliferation, respectively (Fig. 3.20g-j, left).  The 
quantification of projected area of protonephridial marker expression domains (slc6a-13 
and CAVII-1) as direct cell accumulation metric (Fig. 3.20g-j, right; Fig 3.23b) showed 
exactly the same dependency on proliferation rates, thus demonstrating that the 
development of planarian NPHP phenotypes is intimately dependent on cell proliferation.   
 In face of such striking morphological and ontological parallels between 
protonephridal and human NPHP loss of function phenotypes, we now refer to the 




Figure 3.23. The severity of the cystic phenotype in protonephridia depends on the 
rate of proliferation and requires the presence of stem cells.  a, Quantification of 
mitoses in Control(RNAi) and NPHP8(RNAi) animals.  Experimental paradigm is 
described in Fig. 3.20f.  b, The severity of cystic phenotype in protonephridia depends on 
the rate of proliferation and requires the presence of stem cells.  Fluorescent overlay of PT 
marker (slc6a-13) with DT marker (CAVII-1).  Images are maximum projections of 










Cilia-Driven Fluid Flow Is Required for Tubular Cell Homeostasis 
in Planarian Protonephridia 
Cilia as flow sensors play a critical role in the ontogeny of human cystic kidney 
disease (Hildebrandt and Otto, 2005; Hildebrandt and Zhou, 2007; Kotsis et al., 2013).  
NPHP(RNAi) planarians display severe defects in cilia-driven gliding motility (Fig. 3.24a-
b), which prompted us to investigate a possible involvement of cilia in the ontogeny of 
planarian kidney disease.  Direct visualization of axonemes in NPHP(RNAi) animals 
indeed confirmed structural cilia defects, which appeared shorter (NPHP5(RNAi)) or much 
reduced in density (NPHP6/8(RNAi)) (Fig. 3.24c).  EM images revealed abnormal 
localization of centrioles as well as axoneme abnormalities in ciliated cells under 
NPHP5/6/8(RNAi) (Fig. 3.19).  Together with the broad resemblance between NPHP5/6/8 
expression patterns and typical cilia genes (Glazer et al., 2010; Rink et al., 2009) (Fig.  
3.16b), these data conclusively demonstrate that knockdown of planarian NPHP-genes 
causes not only protonephridial cyst formation, but also structural defects in cilia.   
We therefore decided to systematically test possible mechanistic roles of cilia in 
planarian cyst ontogeny.  If cilia were generally required for maintaining the 
structure/function of protonephridia, then all disruptions of cilia structure should cause 
cystic phenotypes.  We therefore knocked down Smed-IFT88, a component of the 
intraflagellar transport machinery.  As previously shown (Rink et al., 2009), IFT88(RNAi) 
animals lost their cilia-dependent gliding ability (Fig. 3.25a), developed massive tissue 
edema, and had severely shortened cilia (Fig. 3.24e-e’).  Interestingly, IFT88(RNAi) 
animals also developed cystic protonephridia (Fig. 3.24e’’) and cystogenesis in 




Figure 3.24. Cystic phenotype in protonephridia is cilia- and fluid flow-dependent.  a, 
Series of live images showing gliding mobility in Control(RNAi) and NPHP8(RNAi) 
animals.  Yellow dot line provides a spatial reference to illustrate progress of animal.  Scale 
bar: mm.  b, Quantification of translocation speed in indicated RNAi animals.  Error bar, 
SD; ***, p<0.001 versus control.  c, Fluorescent overlay of ventral cilia (AcTub) with 
nucleus marker (DAPI) in indicated RNAi animals.  Scale bar: 10 m.  d-g, Live images 
showing bloating phenotype in IFT88(RNAi), DNAH-1(RNAi), and LRRC50(RNAi) 
animals.  Scale bar: 500 m.  d’-g’, Fluorescent overlay of ventral cilia (AcTub) with 
nucleus marker (DAPI) in IFT88(RNAi), DNAH-1(RNAi), and LRRC50(RNAi) animals.  
Scale bar: 10 m.  d’’-g’’, 3D rendering showing fluorescent overlay of AcTub staining 
with PT2 and PT3 marker (slc6a-13) and DT marker (CAVII-1) in Control(RNAi), 
IFT88(RNAi), DNAH-1(RNAi), and LRRC50(RNAi) animals.  Scale bar: 50 m.  d’’’-g’’’, 
Magnified view showing fluorescent overlay of POU2/3 with pan stem cell marker 
(smedwi-1) in the region surrounding photoreceptor.  White arrowhead showing 
POU2/3+/smedwi-1+ cell.  Scale bar: 25 m.  h-i, Abnormal cilia beating in DNAH-
1(RNAi), and LRRC50(RNAi) animals.  (h) Left panel: live images showing cilia beating 
along the lateral body edge of the planarian head region; Right panel: vector map generated 
by STICS analysis showing velocity magnitude and beating pattern of cilia.  The brightness 
of the vector representing the velocity magnitude of the cilia: brighter vector, stronger 
ciliary beating, or vice versa.  (i) Quantification of ciliary velocity magnitude in indicated 
RNAi animals.  *, p<0.05 versus control.  j, Cartoon representing working model of cyst 
formation in the planarian protonephridia.  In normal tubule, protonephridial tubular cell 
turnover is maintained by integration of protonephridial progenitors, originated from the 
neoblasts, into the tubule.  During this process, cilia-driven fluid flow is required for the 
maintenance of tubular geometry.  Obstruction of fluid flow by disrupting cilia function 
leads to protonephridial cystogenesis that characterized by abnormal proliferation of 










progenitors (Fig. 3.24e’’’).  These results therefore demonstrate that disruption of cilia is 
sufficient for cyst development in planarians.   
To test whether cilia might be required as flow generators and/or as flow sensors, 
we sought to disrupt ciliary beating without gross changes in cilia length or structure.  
Wetherefore targeted two planarian homologues of Primary Ciliary Dyskinesia (PCD) 
disease genes, a rare ciliopathy causing general cilia immobility in humans (Badano et al., 
2006) (Fig. 3.25b-c).  Disrupting the function of Smed-DNAH-1 and Smed-LRRC50 by 
RNAi led to abnormal gliding ability (Fig. 3.25a) due to loss of ciliary beating (Fig. 3.24h-
i; Supplementary movie 6-8), while cilia length or structure appeared unaffected (Fig. 
3.24f’-g’).  Interetingly, DNAH-1 and LRRC50 (RNAi) animals also developed edema and 
formed protonephridial cysts (Fig. 3.24f-g, f’’-g’’, f’’’-g’’’).  These results indicate that 
reduced ciliary beating rate without change in cilia structure is sufficient to cause the cystic 
phenotype in planarian protonephridia.  Together, these results suggest that cilia-driven 
fluid flow is crucial to orchestrate tubular cell homeostasis in planarian protonephridia.   
 
Discussion 
In sum, this study provides comprehensive molecular and functional evidence 
demonstrating planarian protonephridia to be excretory organs in which cilia-driven 
ultrafiltration by flame cells is coupled with filtrate modification by a system of tubules.  
First, two major constituents of the podocyte slit diaphragm, NPHS1 and NEPH1, are 
expressed in planarian flame cells.  Recent studies have also demonstrated similar 
molecular parallels between insect nephrocytes and vertebrate podocytes (Weavers et al., 




Figure 3.25. PCD genes in the planarian Schmidtea mediterranea.  a, Schematic 
drawing showing the structure of 9 + 2 motile cilia in planarians.  Right panel: schematic 
representation of the expanded view of the ODA depicts several light, intermediate, and 
heavy chains.  The planarian homologs of human PCD genes with the ODA defects 
indicated in this study are labeled in red (DNAH-1 and LRRC50).  a’, TEM image showing 
cross section through a cilium of protonephridial tubule.  IDA, inner dynein arm; ODA, 
outer dynein arm; DHC, dynein heavy chain; LC, dynein light chain; IC, dynein 
intermediate chain; DC, docking complex.  b, Whole-mount expression patterns of 
DNAH-1 and LRRC50 by in situ hybridization.  Scale bars: 500 m.  c, Quantification of 










vertebrate podocytes are likely homologous cell types.  Second, the structural and 
functional topology of the protonephridial tubule revealed by systematic gene expression 
comparisons of slc families bears significant resemblance to the vertebrate 
pronephros/metanephros.  Interestingly, structural and functional similarities between 
planarian protonephridia and vertebrate nephrons extend even further to common 
pathologies, including the shared requirement of NPHS1 and NEPH1 in the maintenance 
of ultrafiltration barriers as well as of cilia/fluid flow in preventing cystogenesis in the 
tubules.  Cumulatively, the extensive functional and structural conservation of planarian 
protonephridia has important evolutionary implications, suggesting the existence of cilia-
driven ultrafiltration excretory organs in an urbilaterian ancestor. 
If cilia-driven filtration excretory organs do exist in the urbilaterian ancestor of 
planarians and mammals, the observation of only immotile primary cilia in adult 
mammalian kidneys (Schwartz et al., 1997; Takeda and Narita, 2012) raises an interesting 
question: Is flow-dependent bending of cilia in human nephron an evolutionary vestige of 
cilia-powered filtration excretory organs?  The remarkable conservation of cilia/fluid flow 
in the ontogeny of tubular cysts in planarians supports the aforementioned premise.  We 
found that interruption of flow by loss of cilia after IFT88(RNAi) or NPHP(RNAi) causes 
cyst formation in planarian protonephridia.  Immotile, but intact cilia after DNAH-1- and 
LRRC50(RNAi), interestingly, also leads to cystogenesis in the protonephridial tubules.  
Our data suggest that flow-dependent bending and/or flow-generating bending are required 
for orchestrating tubular cell homeostasis in the “primitive” kidneys.  Loss of motile cilia 
in vertebrate kidneys has been observed in coincidence with the acquirement of a relatively 




postulate that with the presence of an extensively developed circulatory system in 
mammals, the flow-generating role of cilia to aid the propulsion of fluid into the tubules 
became redundant and thus lost during the course of evolution.  Flow-dependent bending 
of immotile primary cilia in human kidneys is indeed an evolutionary remnant of cilia-
powered filtration excretory organs.  Fish or amphibian pronephros thus represents an 
interesting intermediate case to sort out flow-sensing capabilities of flow-generating cilia 
in the future. 
Regardless, the key question now becomes: What are cilia-associated signaling 
pathways actually accomplishing in protonephridia?  Are cilia required for orchestrating 
the integration of progenitors into the protonephridial tubule?  Or do they instead function 
as gatekeepers of progenitor proliferation? Our observation that global amplification of cell 
division by increased feeding schedule fastens phenotypic severities of protonephridial 
cysts in planarians argues for the former possibility.  However, we do see a global increase 
of mitoses due to the overproliferation of protonephridial progenitors when cilia-driven 
fluid flow is affected.  Therefore, we propose a working model in which that cilia/flow can 
generate a noncell autonomously acting signal to “turn off” the production of 
protonephridial progenitors after protonephridia formation/maintenance is complete.  
Disrupting cilia/flow thus leads to overproduction of protonephridial progenitors, and 
subsequently cyst formation in the tubules (Fig. 3.24j).  Recent identification of 
stem/progenitor cells in adult mammalian kidney (Angelotti et al., 2012; Rinkevich et al., 
2014; Romagnani et al., 2013) is hence highly interesting because it suggests that the 
generation of a trans-acting signal by a tubule cell and its reception by “an exogenous 




However, formal investigation is required to confirm this speculative hypothesis.  
Nonetheless, the remarkable conservation of flow/cilia/proliferation axis during tubular 
cystogenesis between planarian protonephridia and human nephrons suggests the very 
likely conservation of aforementioned cilia/flow-associated signal.  Future study to identify 
the cross-talk signaling between tubule cells and stem cells represents a key step for better 
understanding disease pathologies.  Given the high speed and low cost of deployment, 
combined with robust and high-throughput RNAi screening, planarians are a highly 
promising invertebrate model system to study mechanisms of human kidney disease. 
 
Materials and Methods 
Planarian Maintenance and Irradiation 
The CIW4 clonal line of Schmidtea mediterranea was maintained as described 
(Cebria and Newmark, 2005).  1-week starved animals were used for all experiments.  For 
irradiation experiments, animals were exposed to 1250 or 6000 rads on a GammaCell 40 
Exactor irradiator. 
 
Gene Identification and Cloning 
Human, mouse, Xenopus, and zebrafish protein sequences were used to find 
planarian homologs from Schmidtea mediterranea genome database via TBLASTN.  
Planarian homologs were then used for reciprocal BLAST against the human refseq to 
verify the homology.  All genes were cloned from an 8-day regeneration time course cDNA 
library prepared as described previously (Gurley et al., 2008).  Primers used for cloning 





The complete set of protein sequences were retrieved for human, mouse, and fly 
from Ensembl (release 76) (Flicek et al., 2014).  The mosquito protein sequences were 
retrieved from Ensembl metazoa (release 23).  Only the proteins corresponding to the 
longest isoform of each gene were considered for the analysis.  The PFAM protein domains 
(PfamA-27.0) (Finn et al., 2014) were predicted for all those proteins from human, mouse, 
fly, and mosquito and the planarian homologs of solute carriers using the InterProScan 
(version 5.4-47.0) tool (Jones et al., 2014).  The solute carrier proteins were classified into 
their corresponding solute carrier family or clan groups based on the presence of the 
corresponding PFAM protein domain as described in the literature (He et al., 2009; 
Hoglund et al., 2011).  The predicted domain regions were extracted from those proteins 
and multiple sequence alignment was then performed for those extracted regions using 
clustalw2 (version 2.1, with default parameters) (Larkin et al., 2007).  Using the sequence 
alignment, the bootstrapped neighbor joining trees (positions with gaps removed and 
corrected for multiple substitution) were constructed using clustalw2 (version 2.1) (Larkin 
et al., 2007). 
 
In Situ Hybridization and Immunohistochemistry 
Colorimetric and fluorescent in situ hybridizations were performed as previously 
described (King and Newmark, 2013; Pearson et al., 2009).  Following fluorescent or 
NBT/BCIP development, animals were incubated with anti-acetylated-Tubulin antibody 
(1:1000, Cell Signaling), anti-H3P (1:1000, Millipore), or a rabbit antiserum recognized 




were detected with either Alexa-conjugated anti-rabbit antibodies (1:1000; Abcam) or 
HRP-conjugated anti-rabbit antibodies (1:1000; Jackson ImmunoResearch).  NBT/BCIP 
developed whole-mount in situ specimens were mounted in mounting media containing 
75% glycerol and 2M urea.  Fluorescent whole-mount in situ specimens were mounted in 
modified ScaleA2 containing 20% glycerol, 2.5% DABCO, and 4M urea (Hama et al., 
2011).  For cryosectioning, fluorescently stained whole-mounted animals were fixed 
overnight in 4% paraformaldehyde (in PBS) at 4oC, washed three times in PBS, 
equilibrated in 30% sucrose, frozen in OCT, and cryosectioned (10-20 m).   
 
Imaging and Image Quantification 
A Leica M205 Stereo Microscope was used for documenting live images, movies, 
and NBT/BCIP developed whole-mount in situ specimens.  Zeiss LSM-510 VIS or LSM-
700 Upright confocal microscopes were used to capture fluorescent whole-mount in situ 
specimens and image projections.  To quantify the average size of each protonephridial 
unit and mitotic activity, individual worm was imaged and tiled on a Perkin Elmer 
Ultraview spinning disk microscope.  Stitching and mitotic activity quantification was 
performed in FiJi using standard plugins (Schindelin et al., 2012).  Worm area, 
protonephridial size, and number were measured/counted using a custom signal to noise 
thresholding and seeded region grow plugins.  Batching was performed using macros.  
Movement speed quantification was performed on movie sequences (acquired at 17.5 Hz) 
using a custom thresholding plugin and Mtrack2 (Klopfenstein and Vale, 2004).  For each 




translocation velocity.  Average velocities were computed by weighting track averages by 
the length of the track.  Plugins and macros are available at https://github.com/jouyun. 
 
BrdU Labeling 
BrdU was administered by soaking animals in 15mg/mL BrdU and 3% DMSO 
(diluted in 0.1X Montjuic salts) for 1 hour as previously described (Cowles et al., 2012) 
and chasing for specified time.  Animals were fixed and processed as in situ hybridization 
protocol except they were bleached in 6%H2O2 in PBSTx (0.5% Triton) for 3-4 hours 
under direct light.  After in situ development, specimens were treated with 2N HCl for 45 
minutes at room temperature, and washed 4 times with PBSTx (0.3% Triton) for 1 hour.  
BrdU was detected using rat anti-BrdU antibody (1:1000; Abcam, Cat.  No.  ab6326).  
Primary antibody was detected with HRP-conjugated anti-rat antibody (1:1000; Jackson 
ImmunoResearch). 
 
Ultrafiltration and Reabsorption Assay 
To assay ultrafiltration capacity of planarian protonephridia, 10 kDa 
tetramethylrhodamine-dextran (Molecular Probes, D-1817) and 500 kDa fluorescein-
dextran (Molecular Probes, D-7136) at the concentration of 1 mg/mL were co-injected into 
the mesenchyme of the animals.  After 2 hours, the animals were rinsed with an excess of 
1X Montjuic salts, fixed in cold 4% paraformaldehyde (in 1X Montjuic salts), mounted in 
modified ScaleA2, and photographed using a Zeiss LSM-510 VIS confocal microscope.  
Dextran uptake was quantified by measuring the average fluorescence intensity per unit 




immunostaining, after fixation, the samples were rinsed 3-4 times with PBSTx (0.3% 
Triton), incubated in blocking solution containing 5% horse serum in PBSTx (0.5% Triton) 
for 2 hours at room temperature, and then in anti-acetylated-Tubulin antibody (1:1000, Cell 
Signaling).  Primary antibody was detected using Alexa-conjugated anti-rabbit antibodies 
(1:1000; Abcam). 
 
pHi Reporter Assay 
Intracellular pH was measured using ratiometric pH dye SNARF-5F-AM 
(Molecular Probes, Cat.  No.  S-23923) at 5uM (in DMSO with 20% w/v Pluronic F-127) 
as previously described (Beane et al., 2011; Beane et al., 2013).  Animals were soaked for 
1 hour, rinsed 3 times with an excess of 1X Montjuic salts, immobilized on the glass bottom 
dish using the microfluidic device, and imaged at both 640 nm (pH sensitive) and 580 nm 
(pH insensitive) wavelengths using a LSM-700 Falcon confocal microscope.  The ratio of 
580/640 (used for controlling uneven dye uptake) was shown.   
 
High-speed Video Microscopy 
To visualize cilia beating along the lateral body edge of the planarian head region, 
live worms are immobilized on the glass bottom dish using a microfluidic device and 
imaged on a Zeiss Axiovert 200 microscope under DIC optics using 63X objective.  Series 
of images were captured at 250 frames per second with pixel number of 800 x 800 
(exposure time is 3.97 ms) using a ORCA-Flash4.0 V2 C11440-22CU camera from 
Hamamatsu.  Spatiotemporal image correlation spectroscopy (STICS) was used to 




frames were manually selected in which the animal was stationary so that no image 
registration was required.  A region of interest was manually drawn around the cilia in each 
time-lapse.  The area outside this region was uniformly filled with the average intensity 
inside the region.  Spatiotemporal correlation was then carried out in 32 x 32 pixel regions 
with a 16 pixel overlap between the regions to allow for highly localized motions to be 
accurately represented using the fast Fourier transform method.  The average cilia 
displacement within the correlation image is represented by the maximum of the spatial 
cross-correlation between two images separated in time.  The time correlation shift was a 
single frame, and all velocities were converted to micrometers per minute.  This method 
was adapted from a previous paper (Yi et al., 2011), where it was implemented with custom 




Statistical analysis of the data was carried out in Excel.  P values were determined 
using Student’s t-test. 
 
Electron Microscopy 
Specimens were prepared as following at 4oC on orbital rotator: 1) fix in cold 2.5% 
glutaraldehyde in 0.05M or 0.1M sodium cacodylate (contained 1mM CaCl2) for overnight; 
2) wash in wash buffer (0.1M sodium cacodylate buffer; 1mM CaCl2; and 1% sucrose) for 
1 hour (3-4 exchanges); 3) fix in 1% Osmium tetroxide in 0.1M sodium cacodylate buffer 




distilled water for 30 minutes (3-4 exchanges); 5) fix in 0.5% aqueous Uranyl Acetate (in 
dark) overnight; 6) wash in distilled water for 30 minutes (3-4 exchanges); 7) and dehydrate 
in acetone 30% (20 minutes), 50% (20 minutes), 70% (overnight), 90% (20 minutes, 2 
times), and 100% (20 minutes, 3 times).  Specimens were then embedded in epon-araldite 
or Spurr’s resin (25% resin/acetone for 3 hours; 50% resin/acetone for 2.5 hours; 75% 
resin/acetone overnight; 100% resin without accelerator with microwave at 350W for 3 
minutes on/3 minutes off/3 minutes on for 1 day (2 exchanges); 100% resin with 
accelerator with microwave at 350W for 3 minutes on/3 minutes off/3 minutes on for 1 day 
(2 exchanges) and placed in 60ºC oven for polymerization for 2 days.  Ultra-thin 50-100 
nm sections were collected using a Leica UC6 Ultramicrotome.  TEM specimens were 
stained with Sato’s lead (3minutes)/4% Uranyl Acetate in 70% methanol (4 minutes)/ 
Sato’s lead (6 minutes) prior to imaging on a FEI Technai BioTwin at 80kV equipped with 
a Gatan UltraScan 1000 digital camera.   
 
RNAi via dsRNA Feeding 
RNAi feedings were performed as described previously (Gurley et al., 2008; Rink 
et al., 2009).  Feeding and amputation schedules were tailored for each experiment and 
described in detail as following: 
Fig. 3.24l:  5 dsRNA feedings (3 days in between) 
Fig. 3.13c-d, 14a: 8 dsRNA feedings (3 days in between) 
Fig. 3.13e:  9 dsRNA feedings (3 days in between) 
Fig. 3.14b, 3.15: 6 dsRNA feedings (3 days in between) prior to amputation 




Fig. 18-23:  2 dsRNA feedings (3 days in between) 
Fig. 3.24a-c:  3 dsRNA feedings (2 days in between) 
Fig. 3.24d-h, 3.25: IFT88 and LRRC50: 3 dsRNA feedings (2 days in between) 
DNAH-1: 8 dsRNA feedings (2 days in between) 
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Through systematic molecular and functional characterization, we identify 
planarian protonephridia as complex epithelial excretory organs composed of two principle 
components.  These include 1) flame cells as mediators of ultrafiltration and 2) a system 
of epithelial tubes accountable for filtrate modification by reabsorption and secretion.  
Interestingly, the flame cells and tubule system are morphologically and functionally 
similar to the vertebrate kidney.  The conservation between planarian protonephridia and 
vertebrate nephrons extends even further to genetic programs governing early kidney 
development, as well as common pathologies.  Together, from this study, we are able to 
not only gain incredible insights into the evolutionary history of animal excretory organs, 
but we also provide a substantial set of evidence to establish planarian protonephridia as a 
novel invertebrate model to study kidney development, diseases, and evolution. 
 
Planarian Protonephridia – New Perspectives on the 
Evolutionary Origin of Vertebrate Nephrons 
The evolutionary origin of organ systems poses an intriguing question in biology.  
However, understanding whether two organs in animals separated by hundreds of millions 
of years share a common evolutionary history or simply represent examples of convergent 
evolution can be difficult.  In the case of the excretory system, this problem is confounded 
by the extensive diversity in forms and functions.  For instance, the specific tasks of an 
excretory system can vary greatly based upon an animal’s environment.  With respect to 
maintaining salt and water balance, land-dwelling organisms have to conserve water and 
excrete superfluous solutes in as little volume as possible.  In contrast, freshwater animals 




diversity, excretory organs can range from a single excretory cell in C. elegans to multi-
cellular excretory systems, such as Malpighian tubules in insects, protonephridia, and 
metanephridia in invertebrates, or kidneys in vertebrates (Buechner, 2002; Dow and 
Romero, 2010; Nelson et al., 1983; Ruppert, 1994; Ruppert and Smith, 1988).   
Confronted with such functional and anatomical diversity, the evolutionary origin 
of excretory organs poses a significant challenge.  Have excretory organs evolved 
independently in different animal lineages?  Or, has a single primordial excretory organ 
undergone functional and anatomical diversification during the course of animal evolution?  
Comparative morphological data have been the primary data supporting current models for 
the evolution of excretory systems (detailed discussion by (Bartolomaeus and Quast; 
Goodrich, 1945a, b; Ruppert, 1994; Ruppert and Smith, 1988)).  However, morphology 
alone cannot resolve this important question, as similar-looking structures can easily arise 
by either common descent or convergent evolution.  Systematic comparisons of gene 
functions and expression patterns have emerged as an essential alternative to elucidate the 
evolutionary history of tissues and organs (Arendt, 2005, 2008).  Therefore, we undertook 
a comprehensive molecular and functional analysis of the planarian protonephridia.   
We have identified protonephridial cell types homologous to the vertebrate 
podocyte, which is the ultrafiltration apparatus and the renal tube that functions as a filtrate 
modifier.  We have accomplished this by demonstrating that the planarian orthologues of 
two major constituents of the podocyte slit diaphragm, NPHS1 and NEPH1, are expressed 
in planarian flame cells and are required for the formation and maintenance of their 
filtration diaphragms.  Furthermore, we find that expression of many slc genes in the 




and secretion.  Surprisingly, expression of slc genes in specific segments along the 
protonephridial tubule is also confined to the equivalent segments of the vertebrate 
pronephros/metanephros, demonstrating unexpected molecular and functional similarities 
between protonephridial segments and their vertebrate pronephric/metanephric 
counterparts.  We also developed assays to probe the functional roles of planarian 
protonephridia, and provide further evidence supporting functional homology for each 
protonephridial compartment. 
Not only are the structure and function of planarian protonephridia very similar to 
vertebrate nephrons, many regulatory genes that govern early kidney development are also 
shared between planarians and vertebrates.  For instance, many members of RTK signaling 
pathways, including EGFR, have been reported to play an important role in guiding 
morphogenesis of the renal tubule (Costantini and Kopan, 2010; Ishibe et al., 2009).  In 
this study, we show that a member of RTK signaling, EGFR-5, is also required for 
branching morphogenesis in planarian protonephridia.  Furthermore, many regulatory 
genes that are essential for early kidney development, including POU2/3, six1/2, and sall, 
are shared between planarians and vertebrates (Fig. 4.1; and see (Scimone et al., 2011) for 
more information).  Systematic functional characterization of these transcriptional 
regulators in planarian protonephridia, as well as their regulatory interactions, will be an 
interesting area to explore in the future for better understanding the evolutionary history of 
excretory systems.  Nonetheless, these findings strongly suggest that the basic architecture 
of the nephrons evolved early in animal evolution, and the last common ancestor of 





Figure 4.1.  Regulatory genes controlling early kidney development are expressed in 
planarian protonephridia.  a, Whole-mount expression patterns of indicated genes by in 
situ hybridization (NBT/BCIP development).  Scale bars: 500 m.  b-j, Representative 
images showing expression domains of indicated genes in planarian protonephridia.  
Fluorescent overlay of indicated gene (red) with PT marker (AcTub) and DT marker 
(CAVII-1).  A color-coded scheme of the protonephridial tubule at the end of each panel 
summarizes expression domain of indicated gene.  Images are maximum projections of 
confocal Z-sections.  Scale bars: 50 m.  k, Cartoon showing expression map of regulatory 
genes governing kidney development along protonephridial tubule.  Abbreviations for 
segments of protonephridia are as follows: PT1, PT2, and PT3, segments of proximal 










Planarian Protonephridia – A Novel Invertebrate Model for 
Better Understanding Kidney Biology 
Planarians have emerged as powerful model organisms to study organ regeneration 
and stem cell biology (Gurley and Sanchez Alvarado, 2008; Reddien and Sanchez 
Alvarado, 2004; Sanchez Alvarado, 2004; Sanchez Alvarado and Newmark, 1998).  Our 
discovery of the recapitulation of many renal defects in planarian protonephridia expands 
the potential of planarian protonephridia as a model system to study many important 
aspects of kidney biology and diseases. 
Our observation of the de novo regeneration of planarian protonephridia reveals a 
high degree of similarity to early formation of the vertebrate nephrons.  At the earliest stage 
of regeneration, we and others observe the accumulation of cells in the blastema to form 
the proto-tubule (Rink et al., 2011; Scimone et al., 2011).  The proto-tubule then undergoes 
extensive branching morphogenesis and segmentation to form the mature tubule.  Despite 
the significant increase in protonephridial progenitors and differentiated cells in the 
blastema during regeneration, mitotic events are rarely found in this region (Tasaki et al., 
2011), indicating that branching of protonephridia is not driven by localized proliferation.  
Instead, branching must occur through cell migration and rearrangements, highly 
reminiscent of the UB branching morphogenesis during vertebrate development 
(Costantini and Kopan, 2010).  Furthermore, we observe the tubular cells extend 
perpendicular to the long axis of the duct during the process of tubular elongation.  This 
asymmetric shape is hypothesized to reflect a process of convergent extension (i.e., lateral 
intercalation), making the duct narrower and longer (Costantini and Kopan, 2010).  These 




protonephridia, which is highly similar to that of the pronephric/metanephric tubules.  
Unfortunately, there is still so little known about cellular events and molecular control of 
kidney patterning and morphogenesis.  Compounding this problem is the complicated 
architecture and inaccessibility of the mammalian metanephros.  Given the simplicity, 
accessibility, and rapid regeneration of planarian protonephridia, together with the large-
scale RNAi screening ability, planarian protonephridia hold tremendous potential for 
identifying and studying genes involved in nephron patterning and morphogenesis.   
As mentioned previously, the process of filtrate modification to reabsorb essential 
nutrients and eliminate harmful substances in the nephron is restricted to specific segments 
of the renal tubules.  Any dysregulation of patterning, segmentation, or morphogenesis of 
the nephron severely affects kidney function.  For example, autosomal renal tubular 
dysgenesis (OMIM 267430) is a severe disorder characterized by lack of proximal tubule 
differentiation (Allanson et al., 1983).  Unfortunately, molecular regulation of nephron 
segmentation and terminal differentiation of individual segment is not well understood.  
Given the significant similarity in the topologies of protonephridial and metanephric 
tubules, together with the substantial set of markers developed in this study, in-depth 
investigation of how differentiation of protonephridial segments is achieved will provide 
fruitful insights into understanding nephron segmentation. 
Furthermore, the recapitulation of many kidney diseases in planarian 
protonephridia indicates their potential as a new invertebrate system for modeling these 
disorders.  For instance, glomerular diseases are characterized by reduced filtration 
integrity with consequent loss of protein (proteinuria) and/or blood cells (hematuria) into 




the slit diaphragm complex NPHS1-NEPH1 as regulator of podocyte behavior, in response 
to stress and injury, including cell survival, polarity, and differentiation (Grahammer et al., 
2013).  How these functions of the slit diaphragm are related to disease pathologies is not 
well understood.  Since planarian protonephridia also require NPHS1 and NEPH1 for the 
normal function of their filtration cells (flame cells), they provide a tantalizing new model 
for studying podocyte biology and diseases.  Furthermore, the reduced rate of filtration and 
glomerular proteinuria have been shown to have negative effects on renal tubular integrity 
(Guo et al., 2012), yet the molecular and cellular mechanisms underlying these phenotypes 
are unclear.  Again, this is due to the complexity and inaccessibility of vertebrate nephrons, 
as well as the paucity of suitable invertebrate model organisms.  Along with the loss of 
filtration capacity of flame cells when NPHS1 or NEPH1 function is compromised, we 
observe abnormal lengthening of protonephridial tubules accompanying the increase of 
protonephridial progenitors in planarians (Fig. 4.2), suggesting an adaptive response of 
tubules for the decrease of filtration rate and/or loss of proteins.  This recapitulates the 
phenotypes found in metanephric tubules when NPHS1 or NEPH1 are perturbed.  
Altogether, planarian protonephridia could provide a simple and tractable model to better 
understand the molecular mechanism of compensatory proliferation in the tubules.  They 
might help us ascertain whether the increase in cell numbers provides an adaptive 
advantage by increasing the number of cells available for reabsorption of abnormally 
filtered proteins and other small molecules, as has been hypothesized previously. 
Additionally, in the recent years, mutations in various slc genes have been 
identified as the underlying causes of various forms of familial renal diseases in humans.  




Figure 4.2.  Abnormal tubular elongation in NPHS1-6(RNAi) and NEPH-3(RNAi) 
animals.  a, Fluorescent overlay of PT marker (slc6a-13) with DT marker (CAVII-1).  Scale 
bars: 50 m.  Images in are maximum projections of confocal Z-sections.  b, Quantification 
of average area of each slc6a-13+ tubule in Control(RNAi) and NPHP8(RNAi) animals.  
*** p<0.001 versus control. c, Magnified view showing the region surrounding 
photoreceptor.  Fluorescent overlay of POU2/3 and six1/2-2 with pan stem cell marker 










(Zelikovic, 2001).  For instance, mutations in slc4a1 cause renal acidosis in the distal tubule 
(OMIM 611590).  Interesting, our systematic expression analysis of slc genes in planarian 
protonephridia show clear evidence that the planarian homologs of many slc genes are 
expressed in regions corresponding to equivalent segments of the nephron.  Furthermore, 
downregulation of slc function leads to transport abnormalities in planarians.  We 
demonstrate that RNAi of slc4a-6 in planarians causes a global acidification of the 
intercellular environment (Fig. 3.4l).  We therefore believe that planarian protonephridia 
may offer a useful biological context for exploring the basic molecular mechanisms 
involved in inherited human renal diseases. 
 
Planarian Protonephridia – New Opportunities to Study Stem 
Cell Based Kidney Regeneration  
Kidney diseases interfere with normal nephron development or cause nephron 
impairment, affecting millions of people worldwide.  Disturbances in kidney function can 
lead to kidney failure, which requires patients to undergo life-long dialysis or an organ 
transplant.  Understanding how nephrons develop and how they regenerate has received 
increasing attention because of the possible clinical applications.   
Emerging evidence suggests the involvement of stem and progenitors cells during 
the development and regeneration of animal excretory systems (Becherucci et al., 2014; 
Blanpain et al., 2007; Davidson, 2011; Diep et al., 2011; He et al., 2009; Holmes, 2014; 
Romagnani, 2009, 2010; Romagnani et al., 2013; Ronconi et al., 2009; Scimone et al., 
2011; Singh et al., 2007; Urbach et al., 2014).  However, neogenesis of excretory organs 




kingdom.  De novo kidney regeneration has not been observed in mammals (Davidson, 
2011; Elger et al., 2003; Reimschuessel, 2001; Reimschuessel et al., 1990; Rink et al., 
2011; Romagnani, 2010; Scimone et al., 2011).  Studying the regenerative strategies of 
more primitive animal excretory organs may prove key for understanding and modulating 
the regenerative capacities of the mammalian kidneys.   
Planarians are a useful model system to elucidate basic regeneration phenomena 
(Elliott and Sanchez Alvarado, 2013; Reddien and Sanchez Alvarado, 2004), but it is 
currently unclear to what extent planarian regenerative processes are comparable and 
applicable to vertebrates. A recent study has suggested that tissue-specific progenitors are 
involved in protonephridial regeneration in planarians (Scimone et al., 2011), 
recapitulating regenerative processes of vertebrate kidneys (Romagnani et al., 2013).  
Fascinatingly, regulatory genes required for normal function of renal progenitor 
populations are highly conserved between vertebrates and planarians, suggesting deep 
mechanistic conservation of the regenerative strategy of the kidneys.  In this study, we 
further demonstrate the requirement of stem and progenitor cells during cyst formation in 
planarian protonephridia.  Interestingly, abnormal activation of renal progenitor markers 
in cystic kidneys has also been reported (Karafin et al., 2011; Murer et al., 2002; 
Senanayake et al., 2013; Stayner et al., 2006; Winyard et al., 1996).  Future investigations 
should aim to better understand the genes involved in protonephridia regeneration and to 
identify the molecular signals that activate transcriptional programs producing 
protonephridial lineages in planarians during cystogenesis.  Since these endeavors may 




protonephridia constitute a new and relevant model organism to study stem cell based 
kidney regeneration. 
 
Conclusion: A Model for All Reasons 
Altogether, our comprehensive investigation of planarian protonephridia 
demonstrates extensive molecular and functional homologies between protonephridia and 
vertebrate nephrons.  Our finding supports a common evolutionary origin of animal 
excretory organs.  Furthermore, we have shown that planarian protonephridia are relevant 
to a broad range of fundamental questions pertaining to emerging areas in kidney 
development and diseases.  We present a comprehensive set of molecular markers and tools 
to study the planarian excretory system.  Together with the high speed and low cost of 
performing robust and high-throughput RNAi screens in planarians, these flatworms offer 
an exciting new prospect for advancing our understanding of kidney development, 
diseases, and evolution. 
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Smed-slc4a-2               
Smed-slc4a-6               
Smed-slc4a-7               
Smed-slc5a-2               
Smed-slc5a-4               
Smed-slc6a-5               
Smed-slc6a-9               
Smed-slc6a-12               
Smed-slc6a-13               
Smed-slc6a-17               
Smed-slc7a-6               
Smed-slc9a-3               
Smed-slc10a-2               
Smed-slc12a-1               
Smed-slc12a-4               
Smed-slc13a-2               
Smed-slc13a-7               
Smed-slc15a-2               
Smed-slc15a-3               
Smed-slc16a-22               
Smed-slc17a-3               
Smed-slc17a-5               
Smed-slc20a-1               
Smed-slc20a-2               
Smed-slc22a-3               
Smed-slc22a-5               
Smed-slc22a-6               
Smed-slc23a-1               
Smed-slc23a-2               
Smed-slc24a-2               
Smed-slc24a-3               
Smed-slc24a-5               
Smed-slc24a-7               
Smed-slc24a-8               
Smed-slc25a-22               
Smed-slc26a-5               
Smed-slc26a-8               
Smed-slc28a-1               
Smed-slc28a-2               
Smed-slc28a-3               
Smed-slc30a-3               
Smed-slc40a1               
Smed-slc42a-2               
Smed-slc43a-7               
Smed-slc44a-2               






EXPRESSION DOMAINS OF SOLUTE CARRIERS IN  
 














S1 S2 S3 DTL ATL TAL DCT CNT CD 
slc6a13                   (Raciti et al., 2008) 
slc6a19                   (Kleta et al., 2004) 
slc13a1                   (Lotscher et al., 1996) 
slc13a2                   (Chen et al., 1998) 
slc13a3                   (Raciti et al., 2008) 
slc22a2                   (Koepsell et al., 2003) 
slc22a5                   (Tamai et al., 2001; Tamai et al., 2004) 
slc22a6                   (Kojima et al., 2002; Ljubojevic et al., 2004) 
slc5a1                   (Lee et al., 1994; Sabolic et al., 2006) 
slc5a2                   (Raciti et al., 2008) 
slc1a1                   (Shayakul et al., 1997) 
slc15a1                   (Shen et al., 1999; Smith et al., 1998) 
slc15a2                   
(Daniel and Rubio-
Aliaga, 2003; Shen et al., 
1999; Smith et al., 1998) 
slc28a1                   (Rodriguez-Mulero et al., 2005) 
slc28a2                   (Rodriguez-Mulero et al., 2005) 
slc28a3                   (Rodriguez-Mulero et al., 2005) 
slc23a1                   (Eck et al., 2013) 
slc23a2                   (Eck et al., 2013) 














S1 S2 S3 DTL ATL TAL DCT CNT CD 
slc4a1                   (Alper et al., 1989) 
slc4a2                   (Castillo et al., 2000) 
slc4a4                   
(Endo et al., 2006; Raciti 
et al., 2008; Roussa et 
al., 2004) 
slc12a1                   (Raciti et al., 2008) 
slc12a3                   (Raciti et al., 2008) 




Alper, S.L., Natale, J., Gluck, S., Lodish, H.F., and Brown, D. (1989). Subtypes of 
intercalated cells in rat kidney collecting duct defined by antibodies against erythroid band 
3 and renal vacuolar h+-atpase. Proc Natl Acad Sci U S A 86, 5429-5433. 
Burzle, M., Suzuki, Y., Ackermann, D., Miyazaki, H., Maeda, N., Clemencon, B., Burrier, 
R., and Hediger, M.A. (2013). The sodium-dependent ascorbic acid transporter family 
slc23. Mol Aspects Med 34, 436-454. 
Castillo, J.E., Martinez-Anso, E., Malumbres, R., De Alava, E., Garcia, C., Medina, J.F., 
and Prieto, J. (2000). In situ localization of anion exchanger-2 in the human kidney. Cell 
Tissue Res 299, 281-287. 
Chen, X.Z., Shayakul, C., Berger, U.V., Tian, W., and Hediger, M.A. (1998). 
Characterization of a rat na+-dicarboxylate cotransporter. J Biol Chem 273, 20972-20981. 
Daniel, H., and Rubio-Aliaga, I. (2003). An update on renal peptide transporters. Am J 
Physiol Renal Physiol 284, F885-892. 
Eck, P., Kwon, O., Chen, S., Mian, O., and Levine, M. (2013). The human sodium-
dependent ascorbic acid transporters slc23a1 and slc23a2 do not mediate ascorbic acid 
release in the proximal renal epithelial cell. Physiol Rep 1, e00136. 
Eladari, D., Cheval, L., Quentin, F., Bertrand, O., Mouro, I., Cherif-Zahar, B., Cartron, 
J.P., Paillard, M., Doucet, A., and Chambrey, R. (2002). Expression of rhcg, a new putative 




Endo, Y., Yamazaki, S., Moriyama, N., Li, Y., Ariizumi, T., Kudo, A., Kawakami, H., 
Tanaka, Y., Horita, S., Yamada, H., et al. (2006). Localization of nbc1 variants in rat 
kidney. Nephron Physiol 104, p87-94. 
Kleta, R., Romeo, E., Ristic, Z., Ohura, T., Stuart, C., Arcos-Burgos, M., Dave, M.H., 
Wagner, C.A., Camargo, S.R., Inoue, S., et al. (2004). Mutations in slc6a19, encoding 
b0at1, cause hartnup disorder. Nat Genet 36, 999-1002. 
Koepsell, H., Schmitt, B.M., and Gorboulev, V. (2003). Organic cation transporters. Rev 
Physiol Biochem Pharmacol 150, 36-90. 
Kojima, R., Sekine, T., Kawachi, M., Cha, S.H., Suzuki, Y., and Endou, H. (2002). 
Immunolocalization of multispecific organic anion transporters, oat1, oat2, and oat3, in rat 
kidney. J Am Soc Nephrol 13, 848-857. 
Lee, W.S., Kanai, Y., Wells, R.G., and Hediger, M.A. (1994). The high affinity 
na+/glucose cotransporter. Re-evaluation of function and distribution of expression. J Biol 
Chem 269, 12032-12039. 
Ljubojevic, M., Herak-Kramberger, C.M., Hagos, Y., Bahn, A., Endou, H., Burckhardt, 
G., and Sabolic, I. (2004). Rat renal cortical oat1 and oat3 exhibit gender differences 
determined by both androgen stimulation and estrogen inhibition. Am J Physiol Renal 
Physiol 287, F124-138. 
Lotscher, M., Custer, M., Quabius, E.S., Kaissling, B., Murer, H., and Biber, J. (1996). 
Immunolocalization of na/so4-cotransport (nasi-1) in rat kidney. Pflugers Arch 432, 373-
378. 
Raciti, D., Reggiani, L., Geffers, L., Jiang, Q., Bacchion, F., Subrizi, A.E., Clements, D., 
Tindal, C., Davidson, D.R., Kaissling, B., et al. (2008). Organization of the pronephric 
kidney revealed by large-scale gene expression mapping. Genome Biol 9, R84. 
Rodriguez-Mulero, S., Errasti-Murugarren, E., Ballarin, J., Felipe, A., Doucet, A., Casado, 
F.J., and Pastor-Anglada, M. (2005). Expression of concentrative nucleoside transporters 
slc28 (cnt1, cnt2, and cnt3) along the rat nephron: Effect of diabetes. Kidney Int 68, 665-
672. 
Roussa, E., Nastainczyk, W., and Thevenod, F. (2004). Differential expression of 
electrogenic nbc1 (slc4a4) variants in rat kidney and pancreas. Biochem Biophys Res 
Commun 314, 382-389. 
Sabolic, I., Skarica, M., Gorboulev, V., Ljubojevic, M., Balen, D., Herak-Kramberger, 
C.M., and Koepsell, H. (2006). Rat renal glucose transporter sglt1 exhibits zonal 





Shayakul, C., Kanai, Y., Lee, W.S., Brown, D., Rothstein, J.D., and Hediger, M.A. (1997). 
Localization of the high-affinity glutamate transporter eaac1 in rat kidney. Am J Physiol 
273, F1023-1029. 
Shen, H., Smith, D.E., Yang, T., Huang, Y.G., Schnermann, J.B., and Brosius, F.C., 3rd 
(1999). Localization of pept1 and pept2 proton-coupled oligopeptide transporter mrna and 
protein in rat kidney. Am J Physiol 276, F658-665. 
Smith, D.E., Pavlova, A., Berger, U.V., Hediger, M.A., Yang, T., Huang, Y.G., and 
Schnermann, J.B. (1998). Tubular localization and tissue distribution of peptide 
transporters in rat kidney. Pharm Res 15, 1244-1249. 
Tamai, I., China, K., Sai, Y., Kobayashi, D., Nezu, J., Kawahara, E., and Tsuji, A. (2001). 
Na(+)-coupled transport of l-carnitine via high-affinity carnitine transporter octn2 and its 
subcellular localization in kidney. Biochim Biophys Acta 1512, 273-284. 
Tamai, I., Nakanishi, T., Kobayashi, D., China, K., Kosugi, Y., Nezu, J., Sai, Y., and Tsuji, 
A. (2004). Involvement of octn1 (slc22a4) in ph-dependent transport of organic cations. 
Mol Pharm 1, 57-66. 
Verlander, J.W., Miller, R.T., Frank, A.E., Royaux, I.E., Kim, Y.H., and Weiner, I.D. 
(2003). Localization of the ammonium transporter proteins rhbg and rhcg in mouse kidney. 





SUMMARY INFORMATION OF THE PLANARIAN HOMOLOGS  
 




No. Gene ID Forward Primer Reverse Primer 
1 Smed-NPHP1 ATCCAACACTTGCGACGTTC TGCAAAGGTACAAAAGAGTGCT 
2 Smed-NPHP4 CAAACTTGCATTGGATGGTG TTTTCCACTTGGTTTGCCTC 
3 Smed-NPHP5 TGAACCGAAATCCTGGAAAG ATCCAAATCCACAGGTTCC 
4 Smed-NPHP6 TGAGATCTGTCGGCTGTACG CTTTTCCAGCTCCTTTGTCG 
5 Smed-NPHP8 ATACACCGAATTCTGCTCGG AACATTGACCTTTGCGGTTC 
6 Smed-NEK8-1 CTGTTCTCTACAGGAATGCCG CCTCCTGCAATTCTTTACGC 
7 Smed-NEK8-2 CGGAACTGCGGTTCTTTATC TTCATTGAATGGCACAAACC 
8 Smed-LRRC50 TCGGAAACTACCCCAATTTC ACAAGTTGATCCGGCTTGAG 
9 Smed-DNAHb-1 ACCTATTTCCAGCTCTTGATGTC AGTCCAATATCTCTCCTGATGC 
10 Smed-NEPH-1 GCCAGGACCAAGAGAAACTG ACGGACGTCTGTTAAATCCG 
11 Smed-NEPH-2 TGGGTTAAAAGTGGCTTTGG GCATCATTTGTGTCGATTGG 
12 Smed-NEPH-3 TGGGTAAAAGACGGATTTGG CGGGGATCCTTTTCTCTAGG 
13 Smed-NPHS1-1 TTTGAGTGGAGCGTCAACAG AGAAATTGGGCCGGTAAATC 
14 Smed-NPHS1-2 AACATTCCATTCAAGCCTCG ATTTCGCACTTTGTCCCAAC 
15 Smed-NPHS1-3 GTTGTCAACAATCAGCACGG GAAAGTTTGTTCGCTGCCTC 
16 Smed-NPHS1-4 TGTGCTACCGTCAGTTCCAG AGTTTCGTTCCGATTGATGG 
17 Smed-NPHS1-5 AAGTCACGATGGGTTTCGAC TGACTGCGTTCGATTTGAAG 
18 Smed-NPHS1-6 AATCCACCTGCGGTTGTTAG CGAGGCAGATATTGGGAATC 
19 Smed-NPHS1-7 AATCACAATTAAGGCTGCCG CGTGAGGGATGAGCTTTCTC 
20 Smed-PKD1L-1 CAATCACACTTTCACCGTGG ACGTAGACAAATCCCGCAAC 
21 Smed-PKD1L-2 AAATTGTGACAACCCTTCGC ATGTCGACAGGGACTATCGC 
22 Smed-PKD1L-3 ACAAAATGTCGGTCCAGGAG TCCAGGCAAAAATCCTCATC 
23 Smed-PKD2-1 AACAGCCCTTAGGGAATTGG GAGTCATACCGCATGAACAGC 
24 Smed-PKD2-2 ACTGCAATGGAAGATCAACA CTATTTCGGCTTTTACCTCAGC 
25 Smed-PKD2-3 AGACCTGAAACAAGCACTGA TGCAGCTCAATAGATTCCATGC 
26 Smed-PKD2-4 TACCAAGACTTAGACAGGTTCG CCCATAGTTTCTCTGCTTCTAGC 
27 Smed-PKD2L-1 CAAAAGGATGGTCAACTGAAG TGCTGAGAATAACATGAGGAAT 
28 Smed-PKD2L-2 TCGTATCGACATTGTGGGTC TCCACCATCATTGAAAAGGC 
 
 
 
 
 
 
 
 
